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I.  SUMMARY 

Thrust chamber cooling techniques appl icable  t o  l i qu id  rocket engines 
using propel lant  combinations having combustion temperatures up t o  8 5 0 0 " ~  have 
been inves t iga ted  a n a l y t i c a l l y  and experimentally. (Two of t h e  most promising 
thermal pro tec t ion  concepts developed during t h i s  program and demonstrated ex- 
perimentally were t h e  concept of mul t i s lo t  f i l m  cooled pyro ly t ic  graphi te  and the 
concept of reducing graphi te  chemical emsion by i n j e c t i o n  of a gaseous hydro- 
carbon f i l m  t o  provide a favorable  chemic& environment i n  the  nozzle boundary 
l aye r .  ' 

, 'A thermochemical erosion ana lys i s  computer program has been devel- 
oped t o  c a l c u l a t e  chemical erosion rates of graphi te  t h r u s t  chamber components 
based on reac t ion  k ine t i c s  as w e l l  as heat and mass t r a n s f e r  phenomena occurring 
i n  cooled and uncooled rocket t h r u s t  chambers .I 

Analyses based on t h i s  computer program revealed tha t  t h e  most ef- 
f e c t i v e  gaseous f i lm o r  t r a n s p i r a t i o n  coolant is hydrogen followed by helium and 
the o ther  gases i n  t h e  order of t h e i r  molecular weight. The t r a n s p i r a t i o n  cool- 
an t  found most e f f e c t i v e  i n  reducing chemical erosion of graphi te  w a s  methane.) 
Chemical erosion could be reduced t o  zero, based on ana lys i s ,  a t  a graphi te  t e m -  
pera ture  as high as 6 0 0 0 " ~  while,  with a l l  o ther  coolant gases, t h e  graphi te  t e m -  
pera ture  would have t o  be  reduced t o  temperatures below 4000"R. 
phenomenon, predicted ana ly t i ca l ly ,  was evaluated experimentally during s m a l l  
s c a l e  oxygen-hydrogen t h r u s t  chamber tests. 
i t e  nozzles w a s  demonstrated a t  conditions where helium and carbon monoxide 
cooled graphi te  nozzles did e r d e .  

This  anomalous 

Zero erosion of methane, cboled graph- 

The e f f e c t i v e  demonstration of the I m U l t i s , l &  f i l m  cooled pyro ly t ic  
g r a p h i t e  w i t h  both hydrogen and methane as w e l l  as o ther  gases such as helium 
and carbon monoxide has provided a feas ib l e  cooling concept f o r  appl ica t ion  t o  
the  most severe rocket combustion environments. This concept, which approaches 
t r a n s p i r a t i o n  cooling i n  e f f ic iency ,  takes  advantage of t he  high temperature 
s t r u c t u r a l  c a p a b i l i t i e s  of the  pyrolyt ic  mater ia l s .  

/ A n a l y t i c a l  and experimental studies of t h e  chemical mechanism of 
a b l a t i o n  i n  s i l ica-phenol ic  a b l a t i v e  composites have provided evidence tha t  the  
endothermic chemical reac t ion  of s i l i c a  with the  carbon char  i n  the  t h r u s t  cham- 
b e r  environment is  far more important than t h e  t rTnspi ra t ion  cooling arid heat  
absorpt ion associated w i t h  t he  r e s i n  degradation. 1 Thus, i n t e r n a l  chemical reac- 
t i o n  may very w e l l  cont ro l  t h e  performance of t h i s  type of t h rus t  chamber material 
Based on these s tud ie s ,  an a n a l y t i c a l  a b l a t i o n  model w a s  formulated and c r i t e r i a  
f o r  improved a b l a t i v e  systems a r e  proposed. The predicted performance of these 
materials with f i l m  cooling would depend more on t h e  a d i a b a t i c  w a l l  temperature 
achieved than on t h e  chemical composition of t h e  coolant .  

l N C l  ASS I Fi  ED ~~ - 1 -  
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Analyt ical  and experimental i nves t iga t ions  of combined th rus  t cham- 
b e r  cool ing techniques have provided a d d i t i o n a l  des ign  data and c r i t e r i a  f o r  se- 
l e c t i o n  and appl icat ion of various cooling concepts. A h e a t  sink design optimi- 
za t ion  s tudy has resulted i n  a technique f o r  e s t a b l i s h i n g  optimum nozzle w a l l  
th icknesses  based on combustion conditions,  material properties,  and engine s i z e .  
Analyses show t h a t  s u b s t a n t i a l  increases  i n  run time are a v a i l a b l e  wi th  f i l m  
cool ing of h e a t  s i n k  configurat ions . 
have been made f o r  var ious gases t o  evaluate t h e  e f f ec t iveness  of s i n g l e  and 
mul t ip l e  s l o t  f i l m  i n j e c t i o n  compared t o  t r a n s p i r a t i o n  cooling. Experimental 
data were a l s o  obtained on combined f i l m  and r a d i a t i o n  cool ing using h helium 
cooled, molybdenum exi t  nozzle. 

Film cool ing tests and a n a l y t i c a l  s t u d i e s  

k s e d  on the  r e s u l t s  of t h i s  program, it is recommended t h a t  t h e  
thermochemical erosion s t u d i e s  be extended t o  include new nozzle materials, addi- 
t i o n a l  combustion product species, and t h e  e f f e c t s  of t r a n s i e n t  hea t  conduction. 
Studies  should a l s o  be undertaken t o  provide a d d i t i o n a l  r e a c t i o n  k i n e t i c s  da t a ,  
e s p e c i a l l y  f o r  the high energy propel lant  systems which include f l u o r i n e .  

Theoret ical  and experimental s t u d i e s  should be pursued t o  apply 
these  advanced cooling concepts and materials t o  t h e  more severe higher  tempera- 
t u r e  rocket  systems i n  order t o  evaluate  t h e  design problems a s soc ia t ed  wi th  using 
new p rope l l an t s  f o r  long runs, with  t h r o t t l i n g ,  or f o r  i n t e r m i t t e n t  operation. 
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11. INTRODUCTION 

A. Program Background 

A program t o  evaluate  l iqu id  rocket t h r u s t  chamber cooling techniques 
appl icable  t o  spacecraf t  engines w a s  conducted under NASA Contract NAS 7-103 dur- 
ing the  year 1962. 
the  various cooling techniques and developing a procedure f o r  s e l e c t i n g  the  most 
s u i t a b l e  design concepts f o r  spacecraf t  engine appl ica t ion .  
s tud ie s  were reported i n  Marquardt Report 5981, Volumes I and I1 (References 1 
and 2 ) .  

Studies  were d i rec ted  toward determining the  l imi t a t ions  of 

The r e s u l t s  of these  

Based on t h e  r e s u l t s  of these  s tud ies ,  it w a s  concluded t h a t  i m -  
proved cooling concepts would be required f o r  t he  advanced high energy propel lants  
One of t h e  more promising approaches appeared t o  be t h e  development of combined 
cool ing techniques t o  a t t a i n  long operating l i f e  with a m i n i m u m  engine performance 
penalty.  

B. Program Approach 

The s tud ie s  undertaken during t h i s  follow-on cont rac t  ("3 7-103, 
Amendment 2 )  were d i r e c t e d  toward development of combinations of t h r u s t  chamber 
cool ing 
l i q u i d  propulsion systems present ly  envisioned, with combustion temperatures up 
t o  8500°F and combustion pressures ranging from 100 t o  3000 psia .  It is  gene ra l l j  
recognized t h a t  cooling methods and materials i n  cur ren t  use are marginal o r  in-  
adequate t o  meet t h e  high heat  r luxes ana temperatures exisLiug i r i  sucli c ~ z b - i s t l o r  
environments. 

techniques and materials which would be s u i t a b l e  f o r  t he  most severe 

The two types of cooling which are t h e o r e t i c a l l y  unlimited i n  t h e i r  
c a p a b i l i t y  f o r  cooling a r e  film and t r a n s p i r a t i o n  cooling. Therefore, t h i s  s tudy 
has been organized s o  as t o  evaluate  f i l m  and t r a n s p i r a t i o n  cooling, both i n  con- 
vent iona l  methods of appl icat ion,  and a l s o  i n  more n w e l  methods of a p p l i c a t i o n  
which combine film o r  t r a n s p i r a t i o n  cooling with o ther  cool ing methods such as 
r ad ia t ion ,  ab la t ion ,  heat  s ink,  and regenerat ive cooling. Since the  primary chal-  
lenge t o  t h r u s t  chamber design f o r  t h e  advanced l i q u i d  propel lants  is t h e  high 
heat  f l u x  and temperature near the  nozzle th roa t ,  combined cooling methods were 
s tud ied  primarily '  f o r  appl ica t ion  i n  t h e  t h r o a t  region, but  a l l  of t h e  concepts 
inves t iga ted  would a l s o  be applicable i n  the  combustion chamber and expansion noz- 
z l e .  Combinations which use one cooling method i n  one port ion of t h e  t h r u s t  cham- 
b e r  and another cooling method i n  another port ion of t h e  chamber might be advan- 
tageous f o r  some appl ica t ions ,  b u t  they were not  evaluated i n  d e t a i l  during t h i s  
s tudy.  

The p o s s i b i l i t y  of using a coolant  o ther  than t h e  f u e l  o r  oxidizer  
w a s  introduced i n t o  t h e  study. The use  of a " th i rd  component" coolant has been 
ru led  out i n  t h e  past ,  but  it w a s  thought advisable  t o  evaluate  the  advantages of 
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using a t h i r d  component, r e a l i z i n g  t h a t  system complexity and r e l i a b i l i t y  penal- 
t i e s  might r e s u l t .  The study of f i l m  and t r a n s p i r a t i o n  cool ing was a l s o  extended 
t o  encompass the  thermochemical effects of var ious coolants  due t o  t h e i r  chemical 
r e a c t i o n  with the w a l l  and t h e  combustion gases.  

An important a spec t  of film and t r a n s p i r a t i o n  cooling is  t h e  associ-  
a t ed  loss i n  combustion performance. The a v a i l a b l e  experimental data regarding 
t h i s  are very inadequate. However, f o r  s e v e r a l  coolant  and p rope l l an t  combina- 
t i o n s  f o r  which test data are ava i l ab le ,  t h e  performance penal ty  is approximately 
t h a t  which would occur i f  t h e  coolants were completely i n e r t .  No data are a v a i l -  
able f o r  t h e  e f f e c t s  of f i l m  and t r a n s p i r a t i o n  cool ing on t h e  performance of ad- 
vanced l i q u i d  propel lants .  It is  recognized t h a t  t h e  performance penal ty  w i l l  
probably depend on t h e  p a r t i c u l a r  coolants  and p rope l l an t s  used and a l s o  on t h e  
loca t ion  of t h e  in j ec t ion .  For  example, coolant which i s  i n j e c t e d  through t h e  
i n j e c t o r  f a c e  and combustion chamber walls, i f  r e a c t i v e  with t h e  p rope l l an t s ,  o r  
if it were one of t h e  propel lants ,  might produce l i t t l e  o r  no performance loss. 
Coolant i n j ec t ed  near o r  downstream from t h e  t h r o a t ,  however, might produce a 
g r e a t e r  performance penalty.  
and t r a n s p i r a t i o n  cool ing near  t h e  nozzle t h r o a t  be measured f o r  some of t h e  cool- 
a n t s  of cu r ren t  i n t e r e s t ,  p a r t i c u l a r l y  t h e  low molecular weight gases.  

It was planned t h a t  t h e  t h r u s t  penal ty  due t o  f i l m  

It was a l s o  recognized t h a t  many advanced propulsion systems must 
perform s a t i s f a c t o r i l y  f o r  only a s h o r t  period of t i m e ,  s o  t h a t  t r a n s i e n t  e f f e c t s  
on t h r u s t  chambers, such as e ros ion  o r  ab la t ion ,  may be permissible i n  o rde r  t o  
avoid making unreasonable and expensive demands on cool ing systems and materials. 
Therefore, emphasis has been placed on understanding the  e f f e c t s  of t h e  chemistry 
of t h e  propulsion environment on t h e  t r a n s i e n t  behavior of t h r u s t  chamber mater- 
i a l s .  

Before an i n t e l l i g e n t  evaluat ion cf combined cool ing methods could 
be made, a b e t t e r  understanding of t h e  phenomena governing behavior of some of 
t h e  ind iv idua l  cooling methods was necessary s i n c e  combinations of t hese  cool ing 
methods a t  t h e  same loca t ions  i n  t h e  t h r u s t  chamber introduced new condi t ions 
more complex, i n  most cases,  t han  those which a r i s e  when t h e  a m l i n g  methods are 
used s ing ly .  Therefore, a n a l y t i c a l  s t u d i e s  of hea t  sinks, a b l a t i o n  phenomena, 
and su r face  r eac t ion  k i n e t i c s  were conducted w i t h  the  expectat ion that  t h e  r e su l t2  
of t h e s e  s t u d i e s  of s i n g l e  systems would provide guidel ines  t o  optimum combina- 
t i o n s  of methods. 

An incomplete l i s t  of cooling combinations of i n t e r e s t  is as 
f OllaJS : 

1. Film/heat s i n k  

2 e Transpirat ion/heat  sink 

3 Film/radiat ion 
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4. Transpirat  ion/radiat ion 

5.  Film/ablation 

6. Transpirat ion/ablat  ion 

7. Film/regenerat ive  

8. Transpirat  ion/regenerat ive  

9. Radiat ion/heat s i n k  

Zoned combustion might be considered a v a r i e t y  of film cooling, but  
Some of t h e  major questions regarding ind i -  t h i s  method has not been evaluated. 

v idua l  cooling systems w i l l  now be discussed. 
are presented i n  Sect ion 111, Analyt ical  Studies .  

Detailed r e s u l t s  of t h e  program 

C .  Cooling Techniques Studied 

1. I n e r t  Film Protect ion 

A major por t ion  of the  ana lys i s  program has been devoted t o  t h e  
s tudy of a gaseous t r a n s p i r a t i o n  cooling method, a l s o  termed " ine r t  f i lm protec- 
t i on" .  
t he  boundary layer ,  e i t h e r  by t r a n s p i r a t i o n  o r  film in jec t ion ,  t h e  rate of chem- 
i c a l  a t t a c k  of the  w a l l  could be reduced o r  eliminated e n t i r e l y .  
the  f e a s i b i l i t y  and a t t r a c t i v e n e s s  of t h i s  cuncept, 6 c o i q x t e r  p r o g r ~  ::BE f c r ~ -  
ula ted  f o r  ana lys i s  of steady state chemical erosion and sur face  temperature of 
a g r a p h i t e  thrust chamber with t r a n s p i r a t i o n  of coolant gases through the  w a l l  
using t h e  propel lant  combination, 02 and H2.  This choice of w a l l  m a t e r i a l  and 
propel lan ts  w a s  made because of t h e  r e l a t i v e  s i m p l i c i t y  of t h e  r e s u l t a n t  chemi- 
c a l  environment in the  boundary layer ,  because graphi te  is an outstanding high 
temperature material, and i n  order t o  permit test  c o r r e l a t i o n  with a r e l a t i v e l y  
simple propel lant  system. Similar  computer programs could t h e o r e t i c a l l y  be form- 
u la ted  f o r  other  w a l l  materials and propel lant  combinations although reac t ion  
k i n e t i c s  d a t a  would probably have t o  be generated by laboratory tests f o r  most 
other  mater ia l s  and propel lants .  

The o r ig ina l  concept w a s  t h a t ,  if enough i n e r t  gas were introduced i n t o  

To e s t a b l i s h  

The computer program developed w a s  designed t o  include t h e  ef- 
f e c t  of any a r b i t r a r y  steady state heat flux i n t o  t h e  w a l l  and thus be e a s i l y  
adaptable t o  t h e  ana lys i s  of t h e  combined e f f e c t  of t ranspi ra t iDn and r a d i a t i o n  
cool ing f o r  t h i n  w a l l  graphi te  motors which reach a steady s ta te  w a l l  temperature 
rap id ly .  However, program modifications would be necessary t o  analyze combined 
t r ans  p i  rat i on/heat s ink s ys t ems . 
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The reference t o  i n e r t  films is  not  meant t o  imply t h a t  only 
noble gases are t o  be considered as coolants .  
g raph i t e  and/or t h e  combustion gases up t o  very  high temperatures.  
number of such gases have a l r eady  been i d e n t i f i e d ,  including carbon monoxide and 
carbon suboxide (C302) .  A second category of gases are those  t h a t  may r e a c t  with 
g raph i t e  bu t  a t  such a low rate as t o  be acceptable .  An example is  hydrogen whicl 
i s  such a n  exce l l en t  coolant t h a t  its r eac t ion  wi th  g raph i t e  can be t o l e r a t e d .  A 
t h i r d  category of gases are those  which produce a favorable  chemical r eac t ion  i n  
the  boundary l a y e r  wi th  a n e t  r e s u l t  of reducing t h e  e ros ion  rate of t h e  w a l l .  
An example i s  methane, which pyrolyzes i n  the  boundary l aye r ,  producing carbon, 
which it  i s  theorized, may r e a c t  with water vapor from t h e  f r ee  stream, preventin( 
or reducing t h e  r e a c t i o n  of t h e  water and g raph i t e .  

Other gases may a l s o  be i n e r t  t o  
I n  fact ,  a 

The computer program w a s  t o  be formulated f o r  t r a n s p i r a t i o n  in- 
j e c t i o n  only, with no attempt t o  analyze the  i n e r t  f i l m  p ro t ec t ion  concept f o r  
d i s c r e t e  film i n j e c t i o n  because of t h e  extremely d i f f i c u l t  nature  of t h e  a n a l y s i s  
of t h e  turbulent  boundary wi th  pressure and chemical composition g rad ien t s  i n  t h e  
flow d i r e c t i o n .  This  d i f f i c u l t y  i s  due t o  mass and h e a t  t r a n s f e r  processes tak-  
ing place a t  t h e  w a l l  and a t  t h e  edge of t h e  boundary l aye r .  A comparison of t h e  
d i f f e r e n c e  between f i l m  and t r a n s p i r a t i o n  i n j e c t i o n  of i n e r t  films would b e s t  be 
obtained experimentally.  

2 .  Ablation 

Despite a considerable e f f o r t  t o  understand a b l a t i o n  phenomena 
( r e s t r i c t e d  here  t o  reinforced p l a s t i c s  and similar materials), cu r ren t  desc r ip -  
t i o n s  have consis ted pr imari ly  of attempts t o  c o r r e l a t e  t e s t  data f o r  a wide 
v a r i e t y  of t e s t  conditions,  sometimes using oversimplified parameters such as 
"e f f ec t ive  hea t  of ab la t ion" .  The behavior of a b l a t i o n  ma te r i a l s  i n  re -en t ry  
condi t ions has also r a t h e r  a r b i t r a r i l y  been assumed t o  be r ep resen ta t ive  of abla-  
t i o n  i n  rocket motor condi t ions,  which have been s tud ied  much less than t h e  abla- 
t i o n  phenomena i n  re-entry.  It w a s  apparent t h a t  a b e t t e r  understanding of t h e  
chemical and heat  t r a n s f e r  processes t ak ing  place i n  rocket  chamber a b l a t i o n  was 
necessary before  t h e  advantages of combining f i l m  cool ing wi th  a b l a t i o n  o r  con- 
t r o l l i n g  f i l m  chemistry (us ing  ' ' i ne r t  f i lm protect ion")  over a b l a t i v e s  could be 
evaluated. Studies  of chemical and heat  t r a n s f e r  processes a t  a b l a t i v e  su r faces  
have t h e r e f  ore been pursued. 

3 .  Heat Sink 

Heat s inks  have been used successfu l ly  i n  rocket  nozzle app l i -  
ca t ions  i n  t h e  past ,  b u t  design optimization has been done f o r  only a l imited 
number of design condi t ions.  Therefore, some attempt t o  parameterize nozzle 
hea t  s i n k  c h a r a c t e r i s t i c s  has been made. 
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4. Film Cooling 

Almost a l l  f i l m  cooling s t u d i e s  i n  t h e  pas t  have been done f o r  
gas flows Over ad iaba t i c  w a l l s  i n  c y l i n d r i c a l  s ec t ions  o r  over f l a t  p l a t e s .  A l l  
f i l m  cool ing "analyses" r e a l l y  cons is t  p r imar i ly  of empir ica l  c k e s  which have 
c o r r e c t i o n  f a c t o r s  introduced t o  assist co r re l a t ion  wi th  t e s t  da t a .  Since pure 
ana lys i s  has been found s o  inadequate f o r  film cool ing i n  cy l inders  o r  over f l a t  
p l a t e s ,  it w a s  d e s i r a b l e  t h a t  tes t  data be obtained f o r  an eva lua t ion  of f i lm 
cool ing  when appl ied t o  converging-diverging nozzles which have non-adiabatic 
w a l l s  due t o  r ad ia t ion  o r  hea t  s i n k  cooling. 

D. Experimental Program 

A small sca l e  experimental program w a s  undertaken t o  explore,  i n  a 
hydrogen-oxygen rocket engine environment, some of t h e  more promising cool ing 
concepts which evolved dur ing  t h e  a n a l y t i c a l  port ion of t h e  program. These t e s t s  
a l s o  suppl ied experimental da t a  on mater ia l  erosion rates and f i lm cooling e f f ec -  
t i veness  not ava i l ab le  i n  t h e  literature. Spec i f i c  cool ing concepts t o  be  evalu- 
a t ed  were as follows : 

1. Mult i s lo t  cool ing of a pyro ly t ic  graphi te  nozzle 

2 .  Transpi ra t ion  cooling of a porous g raph i t e  nozzle, 
using i n e r t  o r  reac t ive  coolant gases 

3 .  Combined fi lm and r ad ia t ion  cool ing 

Future  experimental inves t iga t ions  envisioned as a l o g i c a l  extens ion  
of t h i s  work a r e  the  app l i ca t ion  of these cool ing concepts t o  t h e  higher  energy 
propel lan t  systems such as OF2/@H6. Marquardt is cu r ren t ly  completing the  con- 
s t r u c t i o n  of a remote rocket test  s i t e  i n  Magic Mountain, Cal i forn ia ,  t o  be used 
f o r  tes t i? ig  with exot ic  cryogenic and high impulse l i q u i d  propel lan ts .  
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111. ANALYTICAL STUDIES 

A.  Thermochemical Equilibrium Studies 

Thermodynamic equilibrium s tud ie s  were made of t h e  possible  reac t ions  
of var ious  coolants  with graphite,  using the  IBM 704 thermodynamic sub-routine. 
The equilibrium studies amount t o  a screening process, i n  t h a t  complete iner tness  
of t h e  coolant i n  contact  with the  graphi te  can be establ ished.  However, if some 
f i n i t e  amount of reac t ion  occurs between coolant and graphite,  t h e  usefulness of 
t h e  coolant  can be evaluated only if k ine t i c s  data are ava i lab le  f o r  a l l  import- 
an t  reac t ions .  These reac t ions  include not only the  reac t ion  between the  coolant 
and t h e  w a l l ,  b u t  a l s o  reac t ions  between a l l  product species  and combustion 
spec ies  with t h e  w a l l .  

Thir teen gases (Tables I and 11) were chosen f o r  thermochemical 
equi l ibr ium s tud ie s ,  based on t h e i r  s u i t a b i l i t y  f o r  cryogenic s torage and t h e i r  
poss ib le  ine r tnes s  t o  carbon a t  elevated temperatures. 
uated a t  a pressure of 100 p s i a  and over t h e  temperature range from 2WO"to ?3OO"B 
The i n i t i a l  graphite-to-coolant weight r a t i o  w a s  2 .O. 

The reac t ions  were eval-  

Four coolants which were found not t o  r eac t  with t h e  graphi te  at 
6 0 0 0 " ~  are shown i n  Table I. Two of those gases, CO and C302, a c t u a l l y  r e l e a s e  
carbon at intermediate temperatures of 1000"to 3000"R producing CO and COP, al-  
though t h e  k i n e t i c s  of such react ions a r e  not known. 

It should be remembered t h a t  ca lcu la t ions  based on thermodynamic 
equi l ibr ium assume t h a t  products of a l l  forward and reverse reac t ions  remain 
a v a i l a b l e  f o r  f u r t h e r  react ions,  which may not be t h e  case i n  appl ica t ion  s ince  
e i t h e r  s o l i d  o r  gaseous products may be c a r r i e d  away. 

Nine coolants  which react with graphi te  at 6 0 0 0 " ~  and 100 ps ia  a r e  
l i s t e d  i n  Table I1 along with t h e  major compounds formed with graphi te .  

It has been assumed during t h i s  study t h a t  a l l  of t h e  noble gases 
w i l l  be nonreactive with t h e  graphi te  w a l l  and t h e  combustion products. Reeent 
work has  shown t h a t  xenon can reac t  with f l u o r i n e  t o  form s e v e r a l  types of mole- 
cules  such as XeF4, b u t  t h e s e  compounds are s t a b l e  only a t  low temperatures and 
can be ignored i n  t h e  current  appl icat ion.  Lighter  noble gases a r e  even more 
d i f f i c u l t  t o  compound and would be even more unstable even a t  room temperature 
(Reference 3 ) .  

Bo Thermochemical Erosion Analysis 

1. Analysis Objectives 

The p r i n c i p a l  objective of t he  thermochemical erosion ana lys i s  
w a s  t o  determine how much t h e  rate of chemical erosion of a t h r u s t  chariber w a l l  
could be reduced by i n j e c t i o n  of various coolant gases i n t o  t h e  boundary layer .  
The coolants  would alter t h e  chemical composition of t h e  'boundary l aye r  s o  as t o  
provide a more favorable environment as w e l l  as producing a cooling e f f e c t .  

U N C LA SSlFPE D - 9 -  
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A more favorable  chemical environment f o r  t h e  t h r u s t  chamber 
w a l l  could be achieved by seve ra l  ca tegor ies  Of coolants ,  as fol lows:  

II. 

2. 

3 .  

I n e r t  gases, meaning the  noble gases such as helium, 
neon, e t c . ,  and a l s o  gases which on t h e  b a s i s  of 
equi l ibr ium thermodynamics should not  react with t h e  
w a l l .  An example of t h e  l a t t e r  would be t h e  use of 
carbon monoxide f o r  cool ing of graphi te .  

Reacting gases which, although r eac t ive  with the  w a l l ,  
r eac t  a t  a slower rate than  some o f  t h e  combustion gas 
species  which they d i sp lace  i n  t h e  boundary layer .  An 
example of t h i s  category of coolant w a s  found during 
t h e  present s tudy t o  be hydrogen when used i n  cool ing  
a graphi te  t h r u s t  chamber f o r  02/H2 p rope l lan t .  

Reacting gases which e i t h e r  decompose o r  r e a c t  with 
the  combustion gas t o  produce a gas composition a t  
t h e  w a l l  which e i t h e r  reduces o r  e l iminates  chemical 
e ros ion  of t h e  w a l l .  An example of t h i s  category of 
coolant w a s  found during t h e  present s tudy t o  be 
methane, which pyrol izes  and e i t h e r  e l iminates  ero- 
s ion  of a graphi te  chamber or may even depos i t  addi- 
t i o n a l  graphi te  on the  w a l l .  

No previous inves t iga t ion  of t h i s  concept w a s  known, and t h e  
complexity of the  problem indicated t h e  a d v i s a b i l i t y  of r e s t r i c t i n g  t h e  i n i t i a l  
ana lys i s  t o  a spec i f ic  t h r u s t  chamber material, pyro ly t ic  graphi te ,  and a spec- 
i f i c  propel lant  combination, 02 and H2. 

Pyro ly t ic  graphi te  had previously been found t o  be  one of t h e  
most outstanding high temperature materials ava i l ab le  f o r  t h r u s t  chamber construc- 
t i on ,  due not only t o  i t s  except ional  high temperature s t r eng th  but  a l s o  t o  i t s  
low reac t ion  r a t e s  i n  the  combustion products of such d ive r se  propel lan t  combina- 
t i o n s  as 0 2 / H 2  and F 2 / H 2 .  It w a s  hoped t h a t  very  small amounts of i n j ec t ed  gases 
would be s u f f i c i e n t ,  consider ing both t h e i r  cool ing and chemical e f f e c t s  i n  t h e  
boundary layer ,  t o  provide pro tec t ion  and permit t h e  u t i l i z a t i o n  of t h e  high t e m -  
perature  s t r u c t u r a l  c a p a b i l i t y  of pyro ly t ic  graphi te .  Imp l i c i t  i n  t h e  bas i c  ob- 
j e c t i v e  of t h e  concept was t h e  supposi t ion t h a t  it would be advantageous t o  re- 
duce t h e  amount of required coolant .  Most of t h e  previous work wi th  film and 
t r a n s p i r a t i o n  cooling had been done by providing enough coolant t o  permit use of 
conventional mater ia ls  such as s tee l .  There w a s  some limited d a t a  ind ica t ing  t h a t  
f i l m  cooling of combustion chambers could be accomplished without a loss Of per- 
formance, but  t ha t  f i l m  cool ing of t he  cont rac t ion  region and t h r o a t  d i d  cause a 
s i g n i f i c a n t  loss i n  performance i n  proportion t o  t h e  amount of coolant used. 
Therefore, t h e  po ten t i a l  advantages of t h e  concept being s tudied  would be: (1) 
minimization of performance loss due t o  cooling; and ( 2 )  g r e a t e r  r e l i a b i l i t y  of 
a pyro ly t ic  graphi te  s t r u c t u r e  as compared t o  lower melting point  materials such 
as s tee l .  

UNCLASS It I t D  - 10 - 
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Only gaseous in j ec t ion  of coolants  was considered s ince  it w a s  
thought that  uniform i n j e c t i o n  of very small amounts of l i q u i d  coolant  would be 
q u i t e  d i f f i c u l t  t o  achieve.  

After choosing t h e  t h r u s t  chamber ma te r i a l  and propel lan t  com- 

It is w e l l  es tab l i shed  t h a t  t r a n s p i r a t i o n  is the 'most e f f i c i e n t  form 
This method can be approached i n  e f f i c i e n c y  by films in j ec t ed  at 

b i n a t i o n  t o  be s tudied,  it w a s  necessary t o  choose a method of i n j e c t i n g  the 
coolant ,  
of cool ing.  
c l o s e l y  spaced i n t e r v a l s .  It w a s  evident a l s o  t h a t  t h e  ana lys i s  could more eas- 
i l y  be made f o r  a t r a n s p i r i n g  coolant,  desp i t e  t h e  f a c t  t h a t  t h e  p r a c t i c a b i l i t y  
of using a t r u e  porous t r a n s p i r a t i o n  s t r u c t u r e  is questionable f o r  materials l i k e  
graphi te .  

Therefore, t h e  model chosen (Figure 1) f o r  ana lys i s  w a s  t h a t  of 
a porous pyro ly t ic  graphi te  w a l l  t r a n s p i r i n g  var ious cooling gases i n t o  the 
boundary l aye r .  The on ly -d i f f e rence  i n  t h e  ana lys i s  between pyro ly t ic  graphi te  
and commercial g raph i t e  would be i n  dens i t i e s ,  sur face  reac t ion  rates, and hea t  
conduction i n t o  t h e  i n t e r i o r  of t h e  w a l l .  Provis ion f o r  t he  conduction e f f e c t  
w a s  included on a steady state bas i s ,  bu t  near ly  a l l  t he  numerical r e s u l t s  ob- 
t a ined  t o  d a t e  were f o r  an ad iaba t i c  w a l l .  

The cool ing techniques being inves t iga ted  were d i r e c t e d  ultimate- 
l y  toward use w i t h  advanced l i q u i d  propel lants  which produce much h igher  combus- 
t i o n  temperatures than 92/H2. 
dent  t h a t  no meaningful ana lys i s  of the chemical erosion by t h e  advanced propel- 
l a n t s w a s  poss ib le  at t h e  t i m e ,  due t o  t h e  lack of k i n e t i c s  data f o r  r eac t ions  of 

t h r u s t  chamber materials such as tungsten o r  graphi te .  However, it w a s  thought 
t h a t  t h e  advantage of con t ro l l i ng  t h e  chemical composition of t h e  boundary could 
be s tud ied  by ,considering some combination of combustion products and w a l l  mater- 
i a l  f o r  which k i n e t i c s  d a t a  were ava i l ab le .  Also, t h e  high heat f lux  effects of 
t h e  advanced propel lan ts  were simulated by spec i fy ing  s e v e r a l  hypothe t ica l  pro- 
p e l l a n t s  as discussed i n  t h e  next sec t ion .  

However, as t h e  ana lys i s  evolved, it became evi-  

LL- ---I...-+* _- ---a,.-+- 
bI1C L U U l U W V L V L I  yrvuuLuu cf & ~ ~ ~ ~ &  ~ ~ ~ ~ ~ h , ~ ~ ~  s1LCk? sc Fz/H2 w?t,h ra!?didat*e 

2. Advanced Propel lants  

Some l i q u i d  propel lant  conbinations which give high performance 
a r e  l i s t e d  i n  Table 111, which a l s o  lists t h e i r  combustion products, performance, 
and combustion temperature at se lec ted  mixture r a t i o s .  The mixture r a t i o s  chosen 
are those  that give approximately maximum performance. It is  known t h a t  g r e a t e r  
percentages of ox id izer  w i l l  o f ten  y i e ld  a more optimum ove ra l l  system, a t  the 
expense of Isp, but  considerat ion of t h e  optimum mixture r a t i o  is beyond t h e  
scope of t h i s  study. It might be noted, however, t h a t  t h e  combustion temperature 
w i l l  o r d i n a r i l y  increase  w i t h  mixture r a t i o ,  i n  s e v e r a l  cases reaching 8 5 0 0 " ~ ,  
which i s  the maximum temperature being considered i n  t h i s  study. 
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Two hypothe t ica l  propel lant  combinations, designated T O O 0  and 
~ 8 5 0 0 ,  t o  ind ica te  combustion temperatures of 7000" 
i n  Table 111. 
t o  be t h e  same as those of 02/H2, which were assumed f o r  t he  ca l cu la t ions  t o  be 
62.5 percent HgO and 37.5 percent H2. 

It is shown i n  Table I11 t h a t  t h e  combustion products of 02/H2 
include not only H2O and H2 but  a l s o  small amounts of H, OH, 0 and 02. However, 
the  mathematical d i f f i c u l t i e s  which might be encountered i n  analyzing the  prob- 
lem were unknown, and it w a s  thought advisable  t o  maintain a reasonably simple 
ana lys i s  model fo r  t h e  f i rs t  computer program. The sublimation of graphi te  was 
excluded from the computer program f o r  t h e  same reason. J u s t i f i c a t i o n  f o r  t h e  
use of the  simple model l ies,  i n  addi t ion  t o  expediency, i n  t h e  f a c t  t h a t  t h e  
objec t ive  w a s  pr imari ly  t o  evaluate  t rends  i n  nozzle erosion using var ious cool- 
an t s ,  which could be done although t h e  absolu te  values  of t h e  erosion rates are 
only approximate using present ly  inadequate k i n e t i c s  data. The r e s u l t s  of t h e  
present ana lys i s  a r e  not expected t o  be h ighly  accurate ,  e s p e c i a l l y  a t  w a l l  t e m -  
peratures  where sublimation of graphi te  occurs, but  they do  show t h e  way t o  go 
i n  f u t u r e  analyses of nozzle cooling methods. 

and 8 5 0 0 " ~ ,  are a l s o  l i s t e d  
The combustion products of g o 0 0  and ~8500 were a r b i t r a r i l y  assumed 

The computer program which r e su l t ed  from t h e  ana lys i s  is l imited 
t o  systems composed of graphi te ,  water, hydrogen, methane, acetylene,  carbon mon- 
oxide and i n e r t  gases.  Examination of Table I11 shows t h a t  knowledge of t h e  reac- 
t i o n  rates of a number of o ther  gases with graphi te  would be required f o r  analysis  
of t h e  chemical erosion of graphi te  f o r  a l l  of t he  advanced l i q u i d  propel lan t  COD- 
b ina t ions .  The r eac t ion  rates of oxygen and graphi te  could be obtained, b u t  f t  
i s  doubtful  whether a l i t e r a t u r e  survey a t  the  present  t i m e  would y i e l d  any k ine t -  
i c s  data f o r  t h e  boron and f luo r ine  compounds l i s t e d  i n  Table 111. I n  any case,  
it w a s  thought t h a t  most of t h e  implicat ions of i n e r t  o r  o ther  chemical f i lms  f o r  
very high temperature combustion gases could be  obtained by specifying some a r b i -  
trary chemical composition adaptable t o  t h e  computer program toge the r  with a high 
combustion temperature. Therefore, p rope l lan ts  g o 0 0  and ~ 8 5 0 0  were spec i f i ed .  
A comparison of t he  ca lcu la ted  hea t  f l u x  t o  t h e  nozzle from the  var ious advanced 
propel lants  i s  shown i n  Figures  2 and 3, and it i s  seen t h a t  g000 and ~ 8 5 0 0  rep- 
resent  t h e  hea t  fluxes expected from t h e  advanced propel lants ,  which g r e a t l y  ex- 
ceed t h e  heat  f l u x  from 02/H2. The heat  f l u x  comparisons i n  Figures  2 and 3 are 
f o r  i d e a l  combustion. However, a l l  o ther  ca l cu la t ions  i n  t h i s  s tudy  were based 
on 95 percent C* e f f i c i ency .  

3.  Analvsis Procedure 
Y 

A model of t h e  problem t o  be analyzed is  shown i n  Figure 1. The 
p r i n c i p a l  combustion gases of i n t e r e s t  are H20 and H2. Reactions of H20 and H2 
with graphit.e were compared on t h e  b a s i s  of f ree  energy changes, and t h e  followin{ 
reac t ions  were chosen t o  be of g r e a t e s t  importance : 
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Reaction 1 

Reaction 2 

Reaction 3 

C + H 2 0  7 co + H;! 

2 r 
2 C + 2 H2-CH4 

a. Reaction Rate Equations 

The r eac t ion  r a t e s  of t h e  above equations were s tudied i n  
The rate equations which terms of var ious models, as described i n  Appendix B. 

were chosen f o r  t h e  a n a l y s i s  are as follows : 

as follows : 

1 r 

r2 

['HZ0 - 

r3 

E3 
RTw 

-- 
= c3e 

pH2 

The equilibrium constants  Kel, Ke2, and K are defined 
e3 



Ke2 
CH4 

P 

K e3 = ( 7 ”  
The equi l ibr ium constants  can a l s o  be  descr ibed as 

K = e  
e3 

The p a r t i a l  

UNCLASS I F  

pressures of t h e  spec ies  were obtained 

Pi = ( X i )  p 
W 

follows : 

from Dal ton’s  Law: 

~~ - 14 - ED 
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The rate equations are based on first order  react ions.  
k i n e t i c s  data d i d  not r evea l  an adequate b a s i s  f o r  any o ther  assumption s ince  
p r a c t i c a l l y  a l l  k i n e t i c s  d a t a  which repor t  partial pressure exponents from 1/2 
t o  3 / 2  were gathered i n  l o w  mass t r a n s f e r  conditions,  s o  t h a t  t h e  t r u e  k i n e t i c s  
behavior  w a s  obscured by d i f f u s i o n  e f f e c t s .  
r eac t ions  can be used i n  t h e  program if found necessary. 

Review of ava i l ab le  

However, o ther  than first order 

b.  Mass Transfer  Equations 

Calculat ion of the rate of mass t r a n s f e r  of' gaseous spec ies  
across  t h e  boundary l aye r  w a s  done using s impl i f ied  engineering r e l a t ionsh ips  de- 
r ived  from t h e  analogy between convective hea t  transfer and mss t r a n s f e r  rates 
across  a boundary layer .  

The phys ica l  problem being s tudied  cons i s t s  of a m u l t i -  
component mixture of gases with d i f f e r e n t  physical  p roper t ies  and molecular 
weights.  
gested i n  Reference 4. 

Simpl i f ica t ion  w a s  made i n  descr ibing t h e  problem along t h e  l i n e s  sug- 

The mass t r a n s f e r  r a t e  of each spec ies  from t h e  w a l l  t c  t h e  
free stream is descr ibed as fol lows:  

The first term on t h e  r i g h t  side of Equation (13) represents  
t he  t r a n s f e r  of spec ies  ' i '  due t o  the  bulk movement of t he  gas m i x t u r e  away from 
the  w a l l .  
t h e  w a l l ,  i n  which case F i s  negative.  The numerical evaluat ion of F is  obtained 
from t h e  following expression: 

I n  some s p e c i a l  cases,  the bulk motion of t h e  mixture may be toward 

The rate of mass t r a n s f e r  of CO from the  w a l l  t o  t h e  stream is given by: 

! N ~ ~ )  = r1 + G, (xc0) 
W C 



Similar ly ,  t he  mass t r a n s f e r  of i n e r t  gases from t h e  w a l l  t o  t h e  stream is  given 
by: 

C 
) = Gc (Xinerts  1 

( N i n e r t s  W 

I n  t h i s  fashion, Equation ( l3a)  can be evaluated, leading t o  t h e  following: 

But : 

Therefore: 

F = r - r  + G c  1 2  

The second term on t h e  r i g h t  s ide of Equation (13) represent 
t h e  t r a n s f e r  of species  ' i '  due t o  molecular d i f f u s i o n  caused by a concentrat ion 
gradient  of species ' i ' .  

The d i f f u s i o n  c o e f f i c i e n t ,  k:, c a r r i e s  a black do t  exponent 
t o  ind ica t e  t h a t  it includes a co r rec t ion  f o r  t h e  e f f e c t  of t h e  mass t r a n s f e r  
rate on t h e  uncorrected mass t r a n s f e r  c o e f f i c i e n t ,  ki. For  s i m p l i c i t y  t h e  mass 
t r a n s f e r  c o e f f i c i e n t s  f o r  a l l  species  were assumed t o  be t h e  same, s o  t h e  sub- 
s c r i p t  "i" can be dropped. The co r rec t ion  f a c t o r  f o r  k' was obtained from R e f -  
erence 4, page 663, from f i l m  theory and is  def ined as fo l lows :  

k' 
k 

Q = -  

and is evaluated from: 

L 



F $ = r  
The mass t r a n s f e r  coef f ic ien t ,  k, can be obtained f r o m  the  analogy between heat 
and mass t r a n s f e r ,  and f o r  equal Prandt l  and Schmidt numbers it can be shown 
t h a t  : 

Where : 

hg k = ,  
P 

C 

hg = Convective heat  t r a n s f e r  coef f ic ien t ,  uncorrected f o r  mass 
t r a n s f e r  e f f e c t s  

- 
c = Mean s p e c i f i c  heat i n  boundary l a y e r  l p  

The rate of t h e  t r a n s f e r  of each species  from the w a l l  t o  
t he  f r e e  stream (i .e. ,  combustion gas) m u s t  equal i t s  ne t  rate of production at 
the w a l l  by chemical reac t ion  plus i t s  r a t e  of t r a n s p i r a t i o n  a t  the  w a l l  as a 
cQQyi-if: P R C .  a---- 

A s  an i l l u s t r a t i o n ,  consider the mass balance f o r  the 
I 

2'  species ,  H 

Rate of generation a t  w a l l  = r1 

(19) Rate of consumption at w a l l  = 2 r2 + 0.5 r3 

Rate of t r a n s p i r a t i o n  a t  w a l l  = (xH2) Gc ( 2 0 )  
C 

Rate of t r a n s f e r  f r o m  w a l l  t o  stream = I 
r 1 

( ) F + k o  
xH2 w W 



The mass balance a t  the  w a l l  f o r  H2 is  then as follows : 

Solut ion of Equation(22) f o r  (XH ) 

f r a c t i o n  of % a t  t h e  w a l l :  

leads t o  the following equation f o r  t h e  mole 
2 W  

By the  same procedure, similar equations were obtained f o r  t h e  species ,  H20, CO, 
CH4, C2H2, and i n e r t  gases as follows : 

Q 
" 

C - 
ko + F (XCO), - 
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The preceding equations f o r  t he  r eac t ion  rates and mole f r a c -  
t i o n s  a t  t h e  w a l l  of t he  var ious species are solved using t h e  IBM 7040 computer 
f o r  simultaneous so lu t ions  at a constant w a l l  temperature, as shown i n  Figure 4. 
A hea t  balance equation is then solved t o  determine whether t h e  w a l l  temperature 
used f o r  simultaneous so lu t ion  of the  reac t ion  rate and w a l l  composition equa- 
t i o n s  is s a t i s f a c t o r y .  

I terations on the  w a l l  temperature, r eac t ion  rates and gas 
composition a t  t h e  w a l l  are made as shown i n  Figure 4 unti l  a l l  equations are 
satisfied. The IBM computer program makes provis ion f o r  as many as t h r e e  i n e r t  
gases i n  t h e  coolant and combustion gas. The program a l s o  provides f o r  a mult i -  
p l i c a t i o n  f ac to r ,  t o  a r b i t r a r i l y  increase t h e  mass t r a n s f e r  coe f f i c i en t .  ‘m’ 

c .  Erosion Rate Equation 

The rate of chemical e ros ion  of t he  graphi te  w a l l  can be 
shown t o  be described as follows : 

- 
Y - z p  

Where : 

Y = Erosion rate,  mils/sec 

lb-moles  OX carbon 
in‘sec 

rl, r2, r3 = Reaction rates, 

Q = W a l l  densi ty ,  l b / i d  

12,012 = Molecular weight of carbon x 1000 

d. Wall TemDerature Eauation 

The w a l l  temperature is a f f ec t ed  by t h e  rate of hea t  t r ans -  
f e r  t o  t h e  w a l l  ( r e s t r i c t e d  t o  convection f o r  t h i s  s tudy) ,  hea t  t r a n s f e r  i n t o  
t h e  w a l l  by conduction, hea t  absorbed o r  evolved a t  the  w a l l  by chemical reac- 
t i ons ,  and hea t  absorbed a t  t h e  w a l l  by t r a n s p i r i n g  coolant.  A heat  balance on 
t h e  t o t a l  projected area of t he  w a l l  leads t o  t h e  following equat ion f o r  t h e  
equi l ibr ium w a l l  temperature : 

hT + G,L (- T, - r1  AH^ - r2  AH^ - r3 AH, - ck g 
T =  ( 3 0 )  W h + GcL (Fp) 

C 
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The convection coef f ic ien t ,  h, is  corrected f o r  t h e  effects  of mass t r a n s f e r  by 
Equation (3l), which gives a f a i r l y  good c o r r e l a t i o n  w i t h  t e s t  d a t a  f o r  the  ef- 
f e c t  of t r ansp i r a t ion  on convection heat t r a n s f e r  coe f f i c i en t s :  

. 0'43 Gg Stg 1 [- 0.5& 
h = h g e  

Where : 

hg = Uncorrected convective heat t r a n s f e r  c o e f f i c i e n t  

M 
- 

= Molecular weight of stream 7 molecular weight a t  w a l l  

Values of h were ca lcu la ted  from t h e  modified Bartz equation as presented i n  
Q Reference 3. 

4. Parameter Study of Nozzle Erosion 

The ana lys i s  program w a s  used t o  c a l c u l a t e  t h e  chemical erosion 
of pyro ly t ic  graphi te  f o r  a range of combustion chamber s i z e s ,  pressures  and t e m -  
peratures .  

vergence angle of 15"(, a radius  of1 Curvature of 1.25 inches, and extended 
from a contract ion r a t i o  of 4 t o  an expansion r a t i o  of 1.7. 

A standard nozzle geometry (Figure 5 )  used f o r  most of t he  s t u d i e s  
had a th roa t  diameter of 1.25 inches, a convergence angle of 30",, a d i -  [ 

The nozzle was divided i n t o  5 sec t ions .  The ca l cu la t ions  were 
made a t  the midpoint of each sec t ion ,  and then t h e  flow rates were t o t a l e d  t o  
give t h e  t o t a l  nozzle coolant flow r a t e .  The method of d i v i s i o n  of t h e  nozzle 
i n t o  f i v e  sect ions i s  shown i n  Figure 6, where Sections 1, 2, 3, 4, and 5 com- 
p l i s e  t h e  standard nozzle f o r  the ana lys i s .  
represent ing a cy l ind r i ca l  4 :1 combustion chamber, and Sect ion 6, represent ing a 
por t ion  of a Rao expansion nozzle. 

Also shown i,n Figure 6 are Sect ion 0 ;  

During t h e ' i t e r a t i v e  computation procedure, shown i n  Figure 4, 
the  coolant mass f l o w  rate Gc and propel lant  mass flow rate G 

were ca lcu la ted  from the mass and heat  balance equations.  
determined f r o m t h e  propel lant  flow rate Zg by the  following equat ion:  

a t  each sec t ion  

The value Of Gg w a s  
were held constant while  the  w a l l  temperature and gas composi f ion a t  the  w a l l  
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Where 

Z = Propel lant  f l o w  rate, lb/sec 

Gg = Propel lant  f l o w  rate, lb-mole/in2sec 

Mg = Molecular weight of propellant gas 

Ag = Cross-sectional area of combustion chamber s e c t i o n  at average 

g 

area r a t i o  of s e c t i o n  

The midpoint of each s e c t i o n  w a s  determined at  the  average area r a t i o ;  f o r  ex- 
ample, t h e  average area r a t i o  of Sect ion 1 is  3.25. A l l  stream proper t ies  such 
as t h e  hea t  t r a n s f e r  coe f f i c i en t ,  hg, and t h e  s t a t i c  pressure,  P, were evaluated 
a t  t h e  average area r a t i o  of each section, with the  exception of t h e  stream re- 
covery temperature, which w a s  approximated by t h e  combustion chamber temperature, 

a t  a l l  s t a t i o n s .  The coolant i n l e t  temperature w a s  7O0F. Tg, 

The coolant flow w a s  ca lcu la ted  from the  following equation: 

The coolant area, A,, is  simply t h e  cooled w a l l  sur face  a r e a  of t he  sec t ion .  

The xall t e q e r s t w e ,  e r n s t n ~ ? ~  &P-; are d i f f e r e n t  a t  every 
s t a t i o n  because of changing stream conditions, but  t he  propel lant  f l o w  rate Zg 
is  constant  everywhere. Therefore, the cooling requirements are p l o t t e d  as a 
coolant/propellant f low r a t i o ,  Zc/Zg. The f l o w  r a t i o  f o r  t h e  nozzle is the  t o t a l  
of Zc/Z f o r  Sections 1, 2, 3, 4, and 5 f o r  any given w a l l  temperature. 
an t /p ro&l lan t  area r a t i o ,  Ac/A , of each s e c t i o n  is shown i n  Figure 6 f o r  t h r o a t  
diameters of 0.6, 1.25, 3.0, an8 6.0 inches.  

The cool- 

a. Erosion Rates 

The e f f e c t  of t r a n s p i r a t i o n  cooling on w a l l  temperatures 
and t h r o a t  erosion r a t e s  is shown f o r  02/H2, R000,and ~8300 ,  a l l  a t  100 psia ,  
i n  Figures  7 through 9. The coolant-propellant flow r a t i o ,  Zc/Zg, i s  the  amount 
of coolant required t o  cool  t he  e n t i r e  nozzle (4:l cont rac t ion  t o  1.3 expansion) 
t o  the  same temperature. Only t h e  erosion r a t e s  a t  t h e  t h r o a t  are shown s ince  
t h i s  region is usual ly  where cont ro l  of erosion is most important. The f i r s t  
conclusion t o  be  drawn from Figures 7 through 9 is  t h a t  t he  l o w  molecular weight 
coolants  are favored because of their exce l len t  cooling capab i l i t y .  
u l a r ,  hydrogen, although r e a c t i v e  with carbon, i s  such a good coolant t h a t  its 
o v e r a l l  e f f e c t  is t o  e l iminate  nozzle erosion with less weight flow than any other 
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coolant except, i n  some cases ,  CH4.  This f a c t  i s  due not  only t o  the  r e l a t i v e l y  
slow reac t ion  rates of H2 and carbon as compared t o  H20 and carbon, bu t  a l s o  due 
t o  t h e  f a c t  t h a t  t h e  mass t r a n s f e r  rates a r e  s o  high t h a t  it t akes  a l a r g e  amount 
of t r ansp i r ed  gas flow t o  cause a l a r g e  change i n  t h e  gas composition a t  t h e  
w a l l .  
t h e  w a l l  temperature with a rapid decrease i n  r eac t ion  rate. 

However, a cooling e f f e c t  proport ional  t o  t h e  coolant flow ra te  reduces 

Another i n t e r e s t i n g  r e s u l t  i s  t h a t  a negative e ros ion  rate 
was predicted f o r  intermediate w a l l  temperatures when cool ing with CH4, implying 
t h a t  pyrolysis  of t h e  methane produces carbon i n  t h e  boundary l a y e r  which de- 
p o s i t s  graphi te  i n  a manner analogous t o  t h e  production of py ro ly t i c  g raph i t e .  
Even i f  other  f a c t o r s  such as f l u i d  dynamic e f f e c t s  might prevent a c t u a l  deposi-  
t i o n  of carbon on the  nozzle w a l l ,  t h e  presence of f ree  carbon would act  as a 
b u f f e r  between the  combustion gas and t h e  g raph i t e  w a l l ,  r e a c t i n g  wi th  e ros ive  
combustion gas species before  they can d i f f u s e  t o  t h e  w a l l .  The behavior of 
methane is of i n t e r e s t  f o r  propel lants  such as OF2/CH4 and might a l s o  be consid- 
ered as an a u x i l i a r y  coolant f o r  propel lants  which i n  themselves are not good 
coolants  . 

The erosion rate i n  other  port ions of a t h r u s t  chamber can 
be e i t h e r  g r e a t e r  or  less than t h e  t h r o a t  erosion rate,  depending on t h e  combined 
e f f e c t s  of l o c a l  heat  and mass t r a n s f e r  rates, s t a t i c  pressures  and combustion 
temperature. An i l l u s t r a t i o n  of t h e  v a r i a t i o n  of erosion rate is  shown i n  Figure 
10 f o r  an  uncooled py ro ly t i c  g raph i t e  t h r u s t  chamber a t  100 p s i a  chamber pressure 
The w a l l  temperature is always less than t h e  combustion temperature because reac- 
t i o n s  1 and 3 are endothermic. Several  of t h e  most important points  i l l u s t r a t e d  
i n  Figure 10 a r e  as follows : 

1. The erosion ra te  of O2/H2 is  less i n  t h e  t h r o a t  
than i n  the  converging s e c t i o n  of t h e  nozzle.  

2 .  The erosion rates f o r  p7000 and ~ 8 5 0 0  are g rea t -  
es t  i n  t h e  t h r o a t .  

3 .  The e ros ion  rates drop  more r a p i d l y  i n  t h e  diverg- 
i ng  s e c t i o n  of t h e  nozzle than would be predicted 
using the  assumption of mass t r a n s f e r  c o n t r o l  s i n c e  
t h e  first order  r e a c t i o n  rates are d i r e c t l y  pro- 
p o r t i o n a l t o  s t a t i c  pressure.  For example, t h e  
mass t r a n s f e r  c o e f f i c i e n t s  are about t h e  same a t  
equal  expansion o r  cont rac t ion  r a t i o s ,  but  t h e  stat-  
i c  pressures are not, hence t h e  much lower e ros ion  
rates i n  t h e  expansion nozzle.  Again, it should b e  
remembered t h a t  t h e  a n a l y s i s  does not pretend t o  be 
accu ra t e  f o r  very high w a l l  temperatures b u t  is only 
adequate t o  i n d i c a t e  t r ends  and r e l a t i v e  p ro tec t ion  
of var ious coolants .  
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b. Thrust Chamber Pressure E f f e c t  

The percent of propellant required f o r  cooling decreases 
slowly with increasing chamber pressure, as shown i n  Figures 11 and 12 f o r  hy- 
drogen cooling of t h e  nozzle. Also  shown are t h e  enormous erosion rates of un- 
cooled nozzles at higher  chamber pressures due t o  t h e  s t a t i c  pressure influence 
on reac t ion  k ine t i c s .  

c .  Thrust Chamber Size E f f e c t  

The percent of propellant required f o r  cooling t h e  nozzle 
i s  q u i t e  i n s e n s i t i v e  t o  s i z e ,  as shown f o r  t h r o a t  diameters of 1.25, 3.0,  and 
6.0 inches i n  Figure 13 f o r  a hydrogen cooled nozzle. 

d. Combus t i o n  Temperature Effect  

Coolant requirements increase with increasing combustion 
The extremely la rge  temperature, as shown i n  Figure 1 4  f o r  hydrogen cooling. 

erosion rates of uncooled pyrolyt ic  graphi te  nozzles exposed t o  7OOOo' t o  8 5 0 0 " ~  
propel lan ts  are a l s o  shown. These erosion rates emphasize the  necess i ty  f o r  some 
form of cooling o r  chemical film protect ion f o r  nozzles using t h e  advanced pro- 
pe l l an t s .  

e .  Combustion Chamber and Expansion Nozzle Cooling 

Cooling of t h e  combustion chamber and expansion nozzle has 
been t r e a t e d  separa te ly  s ince  there  is a s t rong  p o s s i b i l i t y  t h a t  cooling of t h e  
combustion chamber can be  accomplished without any performance loss ,  and cooling 
of t h e  expansion nozzle may be unnecessary because of t h e  very l o w  erosion r a t e s  
of an  uncooled nozzle. However, a few ca lcu la t ions  were made f o r  a 4 : l  chamber, 
using an empir ical ly  derived t y p i c a l  dependence of L* with I)+. 
were also made f o r  a s e c t i o n  of a Rao expansion nozzle between 1.5:l and 5:l. 
The r a t i o s  of cooled sur face  area t o  c ross  s e c t i o n a l  flow a r e a  f o r  t h e  combustion 
chamber, nozzle, and b e l l  sec t ions  are tabula ted  i n  Figure 6. 

Calculations 

The r e s u l t s  a r e  shown i n  Figures 15 and 16 f o r  I)+ of 1.25 
inches and 6.0 inches, respect ively,  cooling with hydrogen a t  100 p s i a  f o r  ~8500. 
The cooling requirements f o r  t h e  nozzle and chamber f o r  t h e  p a r t i c u l a r  geometries 
evaluated are about t h e  same f o r  a D" of 1.25 but a r e  qu i t e  d i f f e r e n t  f o r  a IF of 
6.0 inches.  

f .  Chemical Effects of Coolant 

Previous invest igat ions of chemical erosion of graphi te  noz- 
z l e s  have been made using t h e  assumption t h a t  t he  k i n e t i c s  of t h e  reac t ions  of 
the erosive species  with t h e  graphi te  w a l l  were s o  fas t  t h a t  thermodynamic equi- 
l ibr ium was achieved a t  the  in te r face  between the  graphi te  w a l l  and t h e  gaseous 
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reac tan t s  and products. 
l imi t ed  by t h e  rate of mass t r a n s f e r  of t h e  r e a c t i n g  species  through t h e  bound- 
a r y  l a y e r .  However, it is  now recognized t h a t  e ros ion  rates ca l cu la t ed  on t h i s  
b a s i s  are higher than measured values  by from one t o  two orders of magnitude. 

By t h a t  assumption, t h e  rate of g r a p h i t e  e ros ion  was 

The two p r i n c i p a l  innovations of t h e  present  a n a l y s i s  were: 
(1) considerat ion of both k i n e t i c s  and mass transfer e f f e c t s  on g raph i t e  erosion; 
and ( 2 )  considerat ion of t h e  chemical e f f e c t s  of var ious coolants  on t h e  erosion 
and cool ing of t he  nozzle. 

It i s  i n t e r e s t i n g  t o  i n v e s t i g a t e  t h e  ex ten t  t o  which t h e  
coolants  reduce graphi te  erosion because of t h e i r  effect  on chemical r eac t ions ,  
and t o  compare t h a t  reduct ion wi th  t h e  reduct ion of e ros ion  due t o  lowering t h e  
w a l l  temperature wi th  a r e s u l t a n t  reduction of t h e  heterogeneous r eac t ion  rates. 
The v a r i a t i o n  of t h r o a t  e ros ion  with w a l l  temperature is shown i n  Figure 17 for 
s e v e r a l  cool ing gases.  O f  course, d i f f e r e n t  coolant f l o w  rates would be re- 
quired t o  achieve t h e  same w a l l  tenperature ,  as shown i n  Figure g, f o r  t h e  assumed 
condi t ion of a pyrolyt ic  graphi te  nozzle, D* of 1.23 inches, a chamber pressure of 
100 p s i a  and the  combustion temperature of 8500’F. 

The e ros ion  rates f o r  t h e  curve labeled “heat s ink  cool ing” 
are t h e  rates which would occur during t h e  t r a n s i e n t  hea t ing  of a py ro ly t i c  
g raph i t e  hea t  s ink  without b e n e f i t  of any film o r  t r a n s p i r a t i o n  cooling. 
l o c a l  gas composition a t  t h e  w a l l  f o r  t h i s  condi t ion i s  shown i n  Figure 18. The 
decreased water content a t  higher  w a l l  temperatures r e f l e c t s  t h e  increased reac- 
t i o n  rate of water and carbon as t h e  temperature i s  raised. 

The 

Gaseous water i s  an e f f e c t i v e  coolant  b u t  r e a c t s  with car-  
bon. However, it i s  shown i n  Figure 17 t h a t  t h e  erosion rates when cool ing with 
water would be only s l i g h t l y  g r e a t e r  ( a t  t h e  same w a l l  temperature) than i f  no 
coolant were used. The gas c>ompbsition a t  t h e  w a l l  using gaseous H20 coolant i s  
shown i n  Figure 19. However, it must be r e a l i z e d  t h a t  some oxidizers ,  such as 
02, w i l l  most l i k e l y  r e a c t  wi th  carbon a t  a much fas te r  ra te  than H20 and might 
t h u s  incu r  much g r e a t e r  e ros ion  i f  used as coolants  wi th  t h e  e ros ion  ra te  perhaps 
being con t ro l l ed  by mass t r a n s f e r  r a t h e r  than k i n e t i c s .  This p o s s i b i l i t y  empha- 
s i z e s  t h e  importance of knowing t h e  r eac t ion  k i n e t i c s  if  chemical erosion i s  t o  
b e  predicted.  

Hydrogen reduces t h e  r e a c t i o n  rate, a t  a f ixed  w a l l  temper- 
a ture ,  by replacing some of t h e  H20 by t h e  slower r e a c t i n g  H2, see Figure 20. 
H e l i u m  achieves t h e  same e f f e c t ,  tending t o  replace both H20 and H2 wi th  an i n e r t ,  
as shown i n  Figure 21. 

Methane produces an  unusual e f f e c t ,  and i t s  cool ing can be 
considered secondary t o  i t s  chemical e f f e c t ,  which causes ze ro  o r  negative ero- 
s i o n  f o r  w a l l  temperatures as high as 6000’~. G a s  composrtion a t  t h e  w a l l . w i t h  
methane coolant  is shown i n  Figure 22. Acetylene w a s  a l s o  s tud ied  as a coolant 
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and w a s  found t o  produce an e f f e c t  similar t o  t h a t  of CH4 although not as pro- 
nounced. It i s  possible  t h a t  other  react ing coolants would a l s o  produce favor- 
ab le  chemical react ions i n  t h e  boundary layer .  

The p r i n c i p a l  conclusion t o  be drawn from the  foregoing com- 
par isons is t h a t  t h e  cooling e f f e c t  of most of t he  coolants considered is far  
more important than t h e i r  chemical e f f e c t s .  The p r i n c i p a l  exceptions a r e  gases 
such as CH4 and C2H2 which r e a c t  t o  produce a more favorable chemical environment 
o r  gases which might be highly react ive,  such as O2 o r  OF2. 
w a l l  temperature of WOOOR, i n  t he  example of Figure 17, the  erosion r a t e  without 
any coolant is twice t h a t  f o r  cooling with helium. However, a 400°F reduct ion of 
w a l l  temperature, even using a reac t ive  coolant such as %O, would achieve t h e  
same erosion rate as predicted f o r  the i n e r t  helium. The 400°F drop i n  w a l l  t e m -  
pera ture  would requi re  a 2 1  percent increase i n  H20 coolant f l o w  rate, but t h e  
absolu te  magnitude of t h e  coolant f l o w  r a t e s  f o r  t r a n s p i r a t i o n  cooling i s  s o  
s m a l l  t h a t  t h e  increase is probably in s ign i f i can t  . 

For example, a t  a 

Reaction Rate Effec ts  

As previously discussed, t h e  heterogeneous reac t ion  r a t e s  
i n  a rocket  motor a r e  genera l ly  so  slow t h a t  thermodynamic equilibrium between 
the w a l l  and adjacent  gaseous species is not  achieved. A s tudy of t he  e f f e c t  
of a r b i t r a r i l y  increased reac t ion  rates w a s  made f o r  t h e  t h r o a t  of a 100 p s i a  
chamber using ~ 8 3 0 0 .  
t h r e e  reac t ions  were increased by f ac to r s  of 10, 100, 1000, and 10,000. The 
t h r o a t  erosion rate f o r  various multiples of t h e  nominal reac t ion  r a t e s  is shown 
i n  Figure 23. It is apparent t h a t  a reac t ion  rate mult iple  of a t  least 1000 
would be required t o  approach the  condition of mass transfer cont ro l .  T h i s  f a c t  
is f u r t h e r  i l l u s t r a t e d  i n  Figures 24 through 27 which p lo t  the  gaseous species  
a t  t h e  w a l l  versus reac t ion  rate multiples f o r  constant w a l l  temperatures of 
2000", 4000", 60000,and 7000"R. 
ca lcu la ted  f o r  thermodynamic equilibrium between combustion gases and the  graph- 
i t e  w a l l .  

No cooling gas w a s  used. The reac t ion  r a t e s  f o r  a l l  

Also shown as dot ted  l i n e s ,  are t h e  gaseous species  

Some species  included i n  t h e  equilibrium composition a r e  not 
considered i n  the  erosion program, but it is  evident t h a t  t h e  gaseous compositon 
a t  t h e  w a l l  approaches thermodynamic equi l ibr ium as the heterogeneous reac t ion  
rates a r e  increased. The departure from thermodynamic equilibrium f o r  t h e  nomi- 
n a l  reac t ion  r a t e  mult iple  of 1.0 is v i v i d l y  shown i n  Figures 24 through 27- 

Figure 27 f o r  a w a l l  temperature of 7000"R, i l l u s t r a t e s  t h e  
l i m i t a t i o n s  of the present IBM computer program a t  very high graphi te  w a l l  t e m -  
peratures where sublimation of graphi te  becomes appreciable,  producing many equi- 
l ibr ium species  which are not included e x p l i c i t l y  i n  t h e  present  ana lys i s .  How- 
ever, t he  major species ,  CO, H2, and C2H2, s t i l l  show f a i r l y  good agreement with 
t h e  erosion program w a l l  compositions f o r  l a rge  reac t ion  r a t e  mult iples  
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Thermodynamic equilibrium i s  almost impossible t o  reach a t  
t h e  low w a l l  temperature of 2000'R, as shown i n  Figure 24, but  intermediate t e m -  
peratures  of 4000'R and 6 0 0 0 ' ~  would permit thermodynamic equi l ibr ium with reac- 
t i o n  rate multiples of about 1000 t o  10,000. 

h. Mass Transfer Rate Ef fec t s  

The i n s e n s i t i v i t y  of e ros ion  rates t o  increased mass t r ans -  
f e r  coe f f i c i en t s  is i l l u s t r a t e d  i n  Figure 28 which shows t h e  t h r o a t  erosion of 
an unc ooled nozzle using var ious mult iples  of t h e  mass t r a n s f e r  c o e f f i c i e n t  . 

C Ablative Cooling Studies  

1. Introduct ion 

In t h e  quest  f o r  improved a b l a t i v e  rocket t h r u s t  chamber mater- 
ials, it is  possible  t o  e s t a b l i s h  some s p e c i f i c  material c h a r a c t e r i s t i c s  required 
of any new materials considered i f  s ign i f i can t  improvements i n  performance a r e  
t o  be achieved. 

Ablative materials present ly  used i n  l i q u i d  rocket t h r u s t  cham- 
bers  with propel lants  such as N204/0.? N2H4-0.3 UDMH o r  02/H* have shown promise 
of providing a simple, r e l i a b l e  t h r u s t  chamber cool ing technique. I n  prac t ice ,  
however, t hese  mater ia ls  have proven t o  be marginal i n  t h e i r  c a p a b i l i t y  t o  cope 
with t h r o a t  erosion, long run times, and propel lan t  i n j e c t o r  performance va r i a -  
t i o n s .  If chamber pressure is  increased, t he  performance of these  a b l a t i v e  ma- 
terials is  even more r e s t r i c t e d .  

Improved materials are necessary t o  meet t h e  above requirements 
as w e l l  as t h e  more severe operating condi t ions imposed i n  t h e  t h r u s t  chambers 
o f  l i q u i d  rocket  engines using t h e  higher  energy propel lan t  systems such as OF2/ 
B2H6 o r  F2/H2. 
finements w i l l  be made i n  the two bas i c  a b l a t i v e  systems, s i l i ca-phenol ic  and 
carbon c l o t h  phenolic, a major advance i n  the  s t a t e  of t h e  art i s  required t o  
r e a l l y  meet the  demands of t he  h o t t e r  propel lan ts .  

Although it is t o  be expected t h a t  continued improvements and re- 

The s i l ica-phenol ic  a b l a t i v e  composite has cons i s t en t ly  shown 
super ior  performance Over similar ab la t ives  f o r  use as t h e  combustion chamber 
l i n e r  of l i q u i d  engines using N204/0.5 N2H4-0.3 UDMH. Run times of over 10 min- 
u tes  have been reported (Reference 6) a t  chamber pressures  up t o  130 ps ia .  For 
rocket engines i n  t h e  t h r u s t  range of 2000 pounds and above, s i l i ca-phenol ic  ap- 
pears t o  be p rac t i ca l  as a th roa t  material. However, t h r o a t  erosion rates of 1 
o r  2 m i l s  per second appear t o  be t y p i c a l  f o r  t h i s  appl ica t ion .  O f  course, i n  
a l l  of t hese  appl icat ions,  t h e  bas i c  s i l i ca-phenol ic  has been optimized i n  compo- 
s i t i o n  and configurat ion by v a r i a t i o n  of such parameters as r e s i n  content ,  use of 
r e s i n  modifiers and addi t ives ,  f i b e r  type and' o r i en ta t ion ,  and i n  t h e  f a b r i c a t i o n  
and cur ing  techniques 
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The carbon cloth-phenolic a b l a t i v e  composite has shown good per- 
formance i n  t h e  e x i t  nozzles of s o l i d  propellant rocket motors. However, t h e  
performance of t h i s  same material i n  a l i qu id  rocket t h r u s t  chalriber has been very 
poor. This performance has been a t t r i bu ted  t o  the  highly oxidizing nature  of 
l i q u i d  propel lan t  exhaust products which contain water vapor o r  carbon dioxide.  
I n  t h e  very hot  propel lant  gases such as H2/F2 o r  OF2/&%, the  carbon phenolics 
have outperformed t h e  s i l i c a  phenolics because t h e  exhaust products containing 
such spec ies  as HF are less r e a c t i v e  with t h e  carbon matrix than with t h e  Si02 of 
t h e  s i l i ca-phenol ic  system. The surface temperature of t he  carbon phenolic can 
exceed 5000°F and t h e  material not f a i l  through melting o r  vaporizing while molten 
s i l i ca  would flow r e a d i l y  at  temperatures above 4500'F. 

Three b a s i c  approaches appear as l o g i c a l  avenues of research f o r  
improved ab la t ives .  The first is t o  discover the  ideal t h r u s t  chamber material 
which (1) would be capable of s t a b l e  s t r u c t u r a l  operation at the  combustion gas 
temperature, (2 )  would be i n e r t  t o  t he  combustion gases and ( 3 )  would provide ade- 
quate i n s u l a t i o n  of t h e  surrounding s t ruc ture .  
t u r a l  requirement, but  s o  far  have f a l l e n  s h o r t  of t h e  other  requirements, are t h e  
graphi tes ,  r e f r a c t o r y  oxides,and carbides, as w e l l  as the more r e f r a c t o r y  metals 
such as tungsten and tantalum. 

Mater ia ls  which approach the  s t ruc -  

The second approach is t o  provide a composite material which is 
composed of a stable high temperature matrix material which is impregnated with 
a f i l l e r  o r  r e s i n  which w i l l  decompose as the  mater ia l  absorbs heat  and by out- 
gassing of t h e  decomposition products w i l l  provide cooling of t h e  sur face  of the 
b l l l - t  eh,mher ~.~all~ diiring t h e  l i f e  of t h e  engine. In  some cases, the cooling 
provided may be s u f f i c i e n t  t o  reduce the erosion rate t o  an accepiaiiie v&ue dur- 
ing the  engine l i f e .  Outgassing appears t o  be the  predominant cooling mechanism 
i n  the  performance of carbon phenolics i n  nonoxidizing environments. 

LL -..- 

The t h i r d  approach is t o  develop a composite material i n  which 
a h igh ly  endothermic reac t ion  occurs between the  major cons t i tuents  of the  com- 
pos i te  a t  such a rate and a t  such a temperature t h a t  t h e  sur face  of t h e  composite 
w i l l  be cooled t o  a temperature where s t r u c t u r a l  i n t e g r i t y  is  maintained a t  some 
minimum o r  acceptable erosion rate. 
the  endothermic reac t ion  be a s o l i d  plus a gas, s o  t h a t  a s o l i d  matrix remains 
and t h e  product gas would a l s o  a c t  as a t r a n s p i r a t i o n  coolant .  Examination of 
s i l i ca-phenol ic  a b l a t i o n  i n  a l i q u i d  rocket environment reveals  t h a t  t h e  endotherm- 
i c  r e a c t i o n  between the  s i l i c a  and carbon char may w e l l  be t h e  predominant erosion- 
c ont r o l l i n g  mechanism . 

It would be d e s i r a b l e  t h a t  t h e  products of 

2 .  Preliminary Analyt ical  and Experimental Studies  

Several  a n a l y t i c a l  and experimental t a sks  were undertaken t o  pro- 
v i d e  an understanding of t h e  thermodynamic and chemical phenomena which were con- 
t r o l l i n g  the  a b l a t i v e  char and erosion rates f n  s i l i c a  phenolics.  
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a. Thermochemical Equilibrium Studies  

A preliminary evaluat ion of t h e  p robab i l i t y  of a number of 
endothermic reactions occurring wi th in  t h e  a b l a t i v e  composite was undertaken us- 
i ng  t h e  IBM 7040 Thermodynamic Subroutine t o  c a l c u l a t e  t he  equi l ibr ium composi- 
t i o n  of  t h e  mixture of r eac t an t s  and products as a func t ion  of temperature. The 
enthalpy changes assoc ia ted  with these  reac t ions  were a l s o  ca lcu la ted  as a func- 
ti on of temperature a 

Three important f ac to r s ,  i n  add i t ion  t o  enthalpy changes, 
were a l s o  considered as a f f e c t i n g  t h e  occurrence of t h e  reac t ions  ind ica ted  by 
t h e  analyses .  One important f a c t o r  would be the r eac t ion  k i n e t i c s  involved, 
which would a f fec t  t h e  rate of t hese  react ions i n  t h e  time allowed by t h e  s i t u a -  
t i o n  i n  t h e  combustion chamber. Also a f fec t ing  t h e  occurrence of t hese  reac t ions  
would be the  physical form of t h e  reac tan ts  ( l i q u i d ,  f i b e r s ,  gases,  powder, e t c . ) .  
A t h i r d  considerat ion would be t h e  physical  phenomena assoc ia ted  wi th  the  indicated 
reac t ions .  If one of t h e  r eac t ion  products i s  a gas which i s  immediately dr iven  
off while a s o l i d  res idue  remains i n  t h e  matrix, t he  reac t ions  would tend t o  go 
t o  completion. If t h e  r eac t ion  products r e su l t ed  i n  complete loss of s t r u c t u r a l  
i n t e g r i t y  of t h e  chamber w a l l s  at an  intermediate temperature ( i . e . ,  below 3500”F), 
t he  r e s u l t  of the  reac t ion  would probably be  rapid erosion.  

b. Heat Transfer  Analysis 

For spec i f i ed  ab la t ive  decomposition rates or  char  rates o r  
e ros ion  rates, the equi l ibr ium t r a n s p i r a t i o n  cooled w a l l  temperatures were calcu- 
l a t e d .  
t he  a b l a t i v e  matrix sur face .  I n  t h e  case of g l a s s  forming oxides f o r  which v i s -  
c o s i t y  versus  temperature i s  known, t h e  f l o w  of molten material along the  nozzle 
walls can be estimated. 

These temperatures were then  compared wi th  the  s t r u c t u r a l  c a p a b i l i t y  of 

Of course, t h e r e  m u s t  a l s o  be a heat  balance between t h e  
heat  absorbing capab i l i t y  of t h e  a b l a t i v e  composite (due t o  conduction, react ion,  
vaporizat ion,  e t c . )  and t h e  heat  f l u x  t o  t h e  t r a n s p i r a t i o n  cooled w a l l  by convec- 
t i o n  and r ad ia t ion .  It is  d e s i r a b l e  t o  operate at t h e  h ighes t  w a l l  temperature 
poss ib le  t o  minimize t h e  heat  input  t o  t h e  var iom hea t  absorbing phenomena, i n  
order t o  a t t a i n  maximum operat ing t i m e  wi th  minimum mass addi t ion .  

c Laboratory Evaluation 

The p robab i l i t y  of t h e  a n a l y t i c a l l y  der ived endothermic reac- 
t i o n s  being completed i n  t h e  t i m e  ava i l ab le  i n  t h e  t h r u s t  chamber depends upon 
k i n e t i c  considerat ions Severa l  simple laboratory ana lys i s  techniques were used 
t o  ob ta in  clues  t o  t h e  a c t u a l  chemical reac t ions  occurring wi th in  t h e  a b l a t i v e  
matrix,  These techniques inciuded, among o thers  : 
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1. The D i f f e r e n t i a l  Thermal Analyzer, which w a s  used 
t o  d e t e c t  t h e  occurrence of endothermic and exo- 
thermic react ions wi th in  a r e s in ,  f i l l e r ,  matr ix  
composite between room temperature and 2 8 0 0 " ~ .  

2. Qua l i t a t ive  and quan t i t a t ive  ana lys i s  of t h e  com- 
pos i t i on  of var ious r eac t ion  products i n  t h e  de- 
graded s i l ica-phenol ic  char s t ruc tu re .  

3. Heating an ab la t ive  composite i n  an i n e r t  atmos- 
phere t o  temperatures above 2000°F and analyzing 
t h e  products by spectrography and X-ray d i f f r a c -  
t i o n  t o  obtain data on t h e  formation of s t a b l e  
r eac t ion  products at temperatures near  t he  oper- 
a t i n g  w a l l  temperatures. Heating t o  d i f f e r e n t  
temperature l eve l s  and f o r  d i f f e r e n t  times pro- 
vided q u a l i t a t i v e  k i n e t i c  data. 

3. Char Rate and Transient  Temperature Analysis 

One of t h e  more important parameters t o  be determined i n  t h e  
a b l a t i v e  process is t h e  sur face  temperature of t h e  ab la t ing  material which is  
t h e  d r i v i n g  f o r c e  f o r  hea t  flow t o  the subs t r a t e .  Since it is d i f f i c u l t  t o  
measure t h r u s t  chamber w a l l  temperatures under operating condi t ions,  o ther  means 
must be used t o  estimate the sur face  temperatures a n a l y t i c a l l y  o r  experimentally.  
It. was thought t h a t  t h e  v i s c o s i t y  of the molten s i l i c a  as a func t ion  of temper- 
a t u r e  could be used t o  bracket  the f e a s i b l e  temperatures s ince  v iscos i t j ;  eoilld 
be co r re l a t ed  w i t h  the sur face  removal rate and the shear  forces  needed t o  accomp- 
l i s h  t h e  sur face  removal. A viscous shear  f l o w  m o d e l ,  descr ibed l a t e r ,  ind ica ted  
that  su r face  temperatures of 4000" t o  4'j00°F appeared reasonable f o r  an a b l a t i n g  
s i l i ca -pheno l i c  sur face  subjected t o  t he  dynamic shear s t r e s s e s  i n  the  t h r o a t  of 
a l i q u i d  propel lant  t h r u s t  chamber. Therefore, a preliminary char r ing  a b l a t i o n  
ana lys i s  w a s  made assuming a constant  su r f ace  temperature of 4300°F. 

Three char r ing  r a t e  analyses were made using t h e  IBM 704 Thermal 
Analyzer program. 

The first ana lys i s  was conducted f o r  a 1-inch s i l i ca -pheno l i c  
s l a b  with an ad iaba t i c  back w a l l  and a constant  sur face  temperature of 4300°F. 
No allowance w a s  made f o r  t r a n s p i r a t i o n  cool ing e f f e c t s  o r  f o r  hea t  absorbed i n  
the r e s i n  system degradat ion o r  phase change of the s i l i c a  reinforcement.  
l e n t  c o r r e l a t i o n  w a s  achieved when the a n a l y t i c a l l y  determined temperature d i s -  
t r i b u t i o n s  f o r  t h e  hea t ing  period were compared wi th  experimental d a t a  obtained 
from NASA-Lewis Research Center f o r  s i l i ca-phenol ic  nozzles a t tached  t o  a 100 p s i a  
chamber pressure H2/02 rocket engine. Somewhat poorer c o r r e l a t i o n  w a s  achieved 
i n  the cool ing period, which w a s  p a r t l y  a t t r i b u t e d  t o  t he  choice of a slab con- 
f i g u r a t i o n .  

Excel- 
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The second ana lys i s  was made of w a l l  s ec t ions  of a l7.W-pound 
t h r u s t  Saturn S-IVB u l lage  engine prototype. This ana lys i s  u t i l i z e d  a convec- 
t i v e  heat  flux which was ca lcu la ted  t o  be cons i s t en t  wi th  t h e  combustion chamber 
environment a t  t h e  given loca t ion .  The sur face  temperature of t h e  a n a l y t i c a l  
model w a s  allowed t o  respond t o  t h i s  hea t  f l u x  and t h e  thermal d i f f u s i o n  proper- 
t i es  of t h e  mater ia l .  The back faces  of t h e  c y l i n d r i c a l  s ec t ions  were assumed 
t o  radiate t o  a simulated t e s t  c e l l  environment and, as before ,  no allowance was 
made f o r  o ther  than sens ib l e  heat  absorpt ion by t h e  material. 
perature  of t h e  a n a l y t i c a l  model rose rap id ly  i n  10 seconds t o  4400°F and climbed 
gradual ly  t o  4600°F. 
ab ly  w e l l  wi th  engine experimental d a t a  and very w e l l  wi th  NASA-Lewis da t a .  

The su r face  t e m -  

The temperature d i s t r i b u t i o n s  i n  t h e  w a l l  checked reason- 

A t h i r d  t r a n s i e n t  thermal ana lys i s  w a s  made f o r  a c y l i n d r i c a l  
w a l l  s ec t ion  equivalent t o  the  experimental nozzles t e s t e d  by NASA-Lewis (Refer- 
ence 7 ) .  A schematic of t h e  w a l l  s ec t ion  i s  shown i n  Figure 29 with t h e  equiva- 
l e n t  thermal c i r c u i t .  The boundary condi t ions and material proper t ies  were id n- 
t i c a l  t o  t h e  f i rs t  ana lys i s  ( T s  = 4300"F, ad iaba t i c  outs ide w a l l ,  d. = 3 x 10 
in .2/sec) .  
t he  i n i t i a l  30-second hea t ing  period, and a l s o  s a t i s f a c t o r y  c o r r e l a t i o n  w a s  
achieved i n  t h e  cool ing period due t o  considerat ion of t h e  r a d i a l  heat  conduction. 
The r e s u l t s  are shown i n  Figures 30 through 33. 

-E 
Again, exce l len t  c o r r e l a t i o n  w a s  achieved with experimental data on 

The two NASA-Lewis t e s t  nozzles were i n i t i a l l y  run f o r  30 sec- 
onds with 5 subsequent runs of 40 seconds each and complete cool ing between runs. 
The temperature d a t a  were obtained a t  3 a x i a l  planes i n  t h e  nozzle with 4 thermo- 
couples a t  various depths s e t  90 degrees apa r t .  Figure 34 compares t h e  ana ly t i -  
c a l l y  determined temperature h i s t o r y  a t  a point  i n  the  nozzle with the  tempera- 
t u r e  h i s t o r y  f o r  a s i n g l e  thermocouple a t  the  same depth f o r  t h e  i n i t i a l  30-see- 
ond run and cool-down of one chamber. 
perimental  d a t a  rise faster than t h e  ca lcu la ted  temperature curve. It is  l i k e l y  
t h a t  t h e  value of thermal conduct ivi ty  i s  h igher  than the  published value.  
faster cool ing rate a f te r  shut-down can be  accounted f o r  if r ad ia t ion  hea t  t r ans -  
f e r  from t h e  hot  surface is considered during t h e  cooling period. Figures  30 and 
31 show temperature d i s t r i b u t i o n s  a t  var ious t i m e s  dur ing  t h e  i n i t i a l  run f o r  
both chambers and f o r  a l l  3 planes p lo t t ed  toge the r  as a func t ion  of d i s t ance  
from t h e  inner  surface.  Figures  32 and 33 show temperature d i s t r i b u t i o n s  f o r  one 
chamber and one a x i a l  plane only but  contain composite temperature h i s t o r y  data 
for a l l  s i x  runs on the  same p l o t .  

It is noted from Figure 34 t h a t  the  ex- 

The 

Severa l  important conclusions of t h i s  thermal ana lys i s  program 
are given as f ollaws : 

1. Surface temperature assumptions i n  excess of 4000'F f o r  
a b l a t i n g  s i l ica-phenol ic  materials may be considered 
reasonable, both from the  s tandpoint  of r e s u l t i n g  t e m -  
perature  h i s t o r i e s  i n  t h e  ma te r i a l  dur ing  heating, and 
from t h e  viscous shear  f l o w  analogy descr ibed la te r  i n  
t h i s  t e x t .  
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2 .  The f a c t  t h a t  excel lent  co r re l a t ion  of a n a l y t i c a l l y  
determined temperature d i s t r i b u t i o n s  wi th  the  ex- 
perimental  d a t a  was achieved precludes t h e  poss ib i l -  
i t y  of any g r e a t  reduction i n  hea t  t r a n s f e r  by t h e  
t r a n s p i r a t i o n  cooling and hea t  absorpt ion by chemi- 
c a l  reac t ions  i n  the  char r ing  ab la t ion  of s i l i c a -  
phenolic mater ia ls .  When dimensional ab la t ion  occurs 
and phase changeband chemical r eac t ions  have t o  be 
taken i n t o  account, endothermic absorpt ion is import- 
an t ,  as discussed l a t e r .  

There are seve ra l  precautions t h a t  must be observed when apply- 
i ng  t h e  simple thermal d i f fus ion  charr ing ab la t ion  model t o  f u t u r e  analyses .  
This m o d e l  is f o r  t r a n s i e n t  ab la t ion  where no sur face  recession is  tak ing  place.  
I n  genera l ,  r ad ia t ion  heat  t r a n s f e r  inside t h e  combustion chamber need not be  
accounted f o r  but  should be taken i n t o  account i n  the  t h r o a t  and e x i t  a reas .  The 
temperature h i s t o r y  of the outs ide of the a b l a t i v e  w a l l  appears t o  be somewhat in -  
s e n s i t i v e  t o  the  in s ide  sur face  temperature f o r  the range of material proper t ies  
and combustion condi t ions encountered i n  cur ren t  a b l a t i v e  thrust chambers. It may 
a l s o  be  said tha t ,  f o r  t h e  i n i t i a l  steady state run, t h e  thermal proper t ies  of 
the v i r g i n  materials are adequate t o  def ine the  movement of t h e  char  l i n e  ( 8 0 0 ' ~  
isothermal  l i n e )  since the heat d i f fus ion  i n t o  the v i r g i n  material is a func t ion  
of i t s  prerun proper t ies  r a t h e r  than the proper t ies  of the char s t r u c t u r e  formed 
behind t h i s  8 0 0 ' ~  l i n e .  The changed thermal proper t ies  of t h e  char  s t r u c t u r e  m u s t  
be  considered, however, on a restart f i r i n g  where t h e  t i m e  required f o r  t he  char  
progression t o  resume is d e f i n i t e l y  a func t ion  of t h e  thermal d i f f u s i v i t y  of the  
char .  The change i n  thermal propert ies  must a i s v  Le c6iisldCl.d in t h e  cmlizg 
of t h e  chamber. 

Inasmuch as conventional char r ing  ab la t ion  systems ( i . e . ,  s i l i c a -  
phenol ics)  demonstrate no p a r t i c u l a r  reduction i n  sur face  temperature o r  char r ing  
rate a t t r i b u t a b l e  t o  heat  absorbed i n  degradat ion of t h e  r e s in ,  t he  cons idera t ion  
of precharred reinforced r e s i n  systems looks reasonable. The precharred systems 
a r e  processed by undergoing control led pyro ly t ic  degradation, and the  r e s u l t i n g  
product has g r e a t e r  s t r u c t u r a l  i n t e g r i t y  and dimensional s t a b i l i t y  than a v i r g i n  
r e s i n  system which i s  pyrolyzed i n  the combustion chamber environment. 

The a n a l y t i c a l  parameter which seve ra l  agencies have used t o  c a l -  
c u l a t e  char  depth as a func t ion  of time, when no dimensional a b l a t i o n  i s  present ,  
i s  (d. = mermal  d i f f u s i v i t y )  which appears i n  t h e  genera l  Four ie r  s o l u t i o n  
f o r  t r a n s i e n t  heat conduction i n t o  a s o l i d .  All agencies have used t h i s  parameter 
either d i r e c t l y  as char depth = Constant x l z o r  have used an e f f e c t i v e  d i f fus-  
i v i t y  t o  account f o r  t he  changing thermal proper t ies  of t h e  material. Figure 35 
presents  char  depth test data from severa l  agencies compared t o  a n a l y t i c a l l y  de- 
termined progression of an 8 0 0 ' ~  isothermal l i n e  i n t o  t h e  s u b s t r a t e .  
isotherm t r a n s i e n t  f o r  a cy l inder  produces a h i s t o r y  which is  dependent upon time 
t o  l e s s  than t h e  0.50 power (0.47 power f o r  the case shown i n  Figure 35)  with the 
a c t u a l  exponent dependent upon t h e  ins ide  rad ius  and t h e  rad ius  r a t i o .  Calcula- 
t i o n s  can be made t o  determine t h e  range of cy l inder  proportions over which t i m e  
t o  t h e  0.5 power may be used as a good approximation i n  char  progression ana lys i s .  

The 800'~ 
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4. Analy t ica l  and Laboratory S tudies  

a. General Considerations 

The chemical r eac t ion  p o t e n t i a l  between s i l i ca  and a carbon- 
aceous residue,  though recognized, has not been d i r e c t l y  r e l a t e d  t o  a b l a t i v e  ma- 
t e r i a l  performance i n  general .  Several  such SiO2-C reac t ions  may take  place i n  
t h e  range from about 2000" t o  4500°F y ie ld ing  S i c  and CO i n i t i a l l y  and u l t imate ly  
S i0  and CO. The reac t ions  may, i n  fact ,  completely consume the  carbon i n  t h e  char  
l aye r  before  any r eac t ion  occurs between t h e  propel lan t  combustion products and 
t h e  carbon residue. 

Both t h e o r e t i c a l  and experimental  s tud ie s  have been con- 
ducted t o  evaluate t h e  k i n e t i c  nature  of t hese  chemical reac t ions  and t h e i r  pos- 
s i b l e  e f f e c t  on the  ab la t ion  rate of s i l i ca-phenol ic  materials. A microphotograph 
of a w a l l  sec t ion  of a f i r e d  s i l i ca-phenol ic  t h r u s t  chamber (Figure 36) shows a 
carbon depleted l aye r  t o  i l l u s t r a t e  t h e  region of i n t e r e s t  i n  the  carbon-s i l ica  
r eac t ion  study. 

An ana lys i s  of t he  t r a n s i e n t  t h r u s t  chamber su r face  temper- 
ature r ise  t h a t  would be predicted on t h e  basis of only convective hea t  t r a n s f e r  
i n  the  chamber and heat conduction i n  t h e  s i l i ca-phenol ic  w a l l  material is shown 
graphica l ly  i n  Figure 37. 
and values  of heat t r a n s f e r  coe f f i c i en t  above 100 Btu/hr-ft2-"F t h e  melting t e m -  
pera ture  of t h e  s i l i c a  (3100°F) i s  reached wi th in  3 seconds. 
i n  excess of 50 seconds, t h e  temperature of t h e  s i l i c a  sur face  without cool ing 
would be  wi th in  6 3 0 " ~  of t h e  gas temperature. 
Si-C-0 reac t ions  t h a t  could occur a t  temperatures up t o  the  flame temperature are 
of in te res t .  

These curves show that f o r  a gas temperature of 5000°F 

For t h e  run times 

Therefore, a l l  of t h e  poss ib le  

The region of carbon deple t ion  beneath t h e  molten l aye r  i s  
a region wherein Si02 may be  ab la ted  i n t e r n a l l y  due t o  chemical reac t ion  with the  
amorphous carbon residue of t h e  char r ing  process.  The poss ib le  chemical reac t ions  
are as def ined below: 

S io2 + 2 c s  S>( 1) + 2 co 

I_ 

Si02 + C - SiO(gas) + "(gas) 
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In  a l l  cases,  there is an amount of Si02 i n  excess of 
t ha t  required t o  complete t h e  reac t ions  wi th  the  ava i l ab le  carbon. 
s i l i ca -ca rbon  deple t ion  i n  the form of gaseous products, the m e l t  l aye r  assumes 
a foamy, low dens i ty  consis tency r a the r  than  becoming a uniform layer of molten 

Because of t h e  

silica. The techniques used 
fol lowing : 

1. 

2 .  

3 .  

4. 

5. 

6.  

7 .  

8. 

t o  analyze t he  above mechanisms have included t h e  

Heating of charred samples of s i l i ca -pheno l i c  
t h r u s t  chamber sec t ions  i n  a labora tory  fur -  
nace i n  both i n e r t  and p a r t i d  vacuum atmos- 
pheres 

Heating of sandwich sec t ions  of a l t e r n a t e  quartz  
g l a s s  and g raph i t e  slabs i n  a labora tory  furnace 

Heating of a v i r g i n  sample of s i l i ca-phenol ic  
laminate i n  a D i f f e r e n t i a l  Thermal Analyzer 

Flash exposure of a f i red t h r u s t  chamber s l a g  
coated surface t o  an oxy-acetylene torch  

Spectrographic ana lys i s  t o  examine elemental .  com- 
pos i t ion  of a b l a t i v e  res idues  

X-ray d i f f r a c t i o n  ana lys i s  t o  determine t h e  pres- 
ence of c r y s t a l l i n e  s t r u c t u r e s  (such as Sic) i n  
t h e  heated th rus i  ciimkr char S P C ~ F G ~  and sur- 
face  s lag  

Microphotographic study of the char  s t r u c t u r e  

A computer ana lys i s  program t o  determine the chem- 
i c a l  equi l ibr ium composition of the s i l i ca-carbon 
react ions as a func t ion  of temperature and pres- 
sure. 

b. Laboratory Experimental Analyses 

( 1). Experiment No. 1 

Three char samples of a s i l ica-phenol ic  t h r u s t  
chamber w a l l  were induct ion heated i n  a carbon c ruc ib l e  under con t ro l l ed  environ- 
mental condi t ions.  The r e s u l t s  a r e  described as fol lows:  

Speciman No. a: 
Atmosphere: Argon at a pressure of 3 t o  

R u n  t i m e  : 2 minutes 

Maximum temperature:  2300°F 

8 inches of mercury 
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The sample was reduced t o  a small f r a c t i o n  of i t s  
o r i g i n a l  s i z e  as a r e s u l t  of t h e  experiment, wi th  a l a r g e  loss i n  weight. The 
curves of Figure 38 show t h a t  vaporizat ion o r  d i s s o c i a t i o n  of t h e  s i l i c a  a lone 
would not occur a t  t h i s  temperature and pressure.  
s i l i c a  w a s  l o s t  through r eac t ion  with t h e  carbon t o  form SiO(gas). 
of t h i s  reac t ion  can be  shown i n  Figure 39 which gives  t h e  chemical equi l ibr ium 
composition f o r  t h i s  r e a c t i o n  as a funct ion of temperature and pressure.  

It must be concluded t h a t  t h e  
The p o s s i b i l i t :  

Specimen No. b : 

Pressure : 1 atmosphere (Argon) 

Maximum temperature : 2850'F 

T e s t  Procedure : 

Specimen heated 5 times t o  a temperature 
of 2650°F o r  less. 
a temperature of 285x1"~ f o r  a 1 minute run. 

The s i x t h  run produced 

L i t t l e  mass loss r e su l t ed  compared t o  the  previous 
experiment and as  noted from rounding of t h e  edges only. Sect ioning of t h e  sample 
revealed a l i g h t  gray sur face  l a y e r  con t r a s t ing  with t h e  deeper gray-black co lo r  
of t he  subs t r a t e .  From inspec t ion  of t h e  char under a 45 power microscope, it w a s  
noted t h a t  t h e r e  were s i lvery-gray  depos i t s  throughout t he  su r face  l aye r .  It was 
suspected t h a t  these  could be  formations of s i l i c o n  carbide.  A subsequent quan- 
t i t a t i v e  chemical ana lys i s  revealed a carbon content  of t h e  order  of 3 percent 
near t h e  sample surface and 15 percent i n  t h e  s u b s t r a t e  material. This, of course 
did not ind ica te  the  form of t h e  carbon. Samples of both sec t ions  were subsequent 
l y  sen t  t o  Sloan Research Indus t r i e s  f o r  X-ray d i f f r a c t i o n  ana lys i s  t o  determine 
t h e  presence of S ic .  The r e s u l t s  revealed a concentrat ion of approximately 15 
percent S ic  i n  the sur face  l aye r s  (carbon dep le t ion  area) and about 5 percent S i c  
i n  the  subs t r a t e .  It i s  s t r e s s e d  t h a t  t hese  percentages are only approximate, 
s ince  exact ing quan t i t a t ive  measurements cannot be made with t h i s  technique. It 
is l i k e l y  that a mass l o s s  occurred i n  t h e  form of CO from t h e  fol lowing reac t ions  

s ic  Si02 + 3C,, A + 2co 

The 15 percent carbon content  i n  t h e  sample i n t e r -  
i o r  is about t h e  mount expected f o r  t he  res idue  from t h e  o r i g i n a l  depolymeriza- 
t i o n  of t he  phenolic res in .  During t h e  experiment, t h e  temperature i n  the  i n t e r -  
i o r  was apparent ly  t o o  low t o  give a high y i e ld  of S ic .  A t  t h e  surface,  where 
the  temperature reached 2 8 5 0 " ~ ,  it appears t h a t  t h e  r eac t ion  went t o  completion i n  
t h e  presence of the  excess of Si02. The carbon concentrat ions found from t h i s  ex- 
periment were subsequently used f o r  a computer ana lys i s  program t o  evaluate  t h e  
s i l i ca-carbon equilibrium reac t ions  as a func t ion  of temperature and pressure .  as 
reported i n  a following sec t ion .  



Specimen No. c :  

Pressure : I n i t i a l l y  1 atmosphere (Argon) f o r  
5 minutes, then vacuum p u l l  down 
f o r  1 minute. 

Maximum temperature : 3070'F 

Extreme outgassing of t h e  sample occurred t o  the 
ex ten t  that there was v i r t u a l l y  nothing l e f t  of the sample. It w a s  apparent from 
t h i s  result that t h e  S i c  r eac t ion  alone could not account f o r  t h e  g rea t  degree of 
mass loss and that the  s i l i c a  i tself  was l o s t  as a consequence of t he  chemical 
reac t ion .  I n  a l l  probabi l i ty ,  the predominate r eac t ion  w a s  the following : 

2 
Si02 + C -Si0 + CO 

The products of t h i s  r eac t ion  are, of course, 
f o r  t h e  r eac t ion  q u a n t i t i e s  involved. 

( 2 ) .  Experiment No 

gaseous, leaving no s o l i d  res idue 

2 - 
I n  t h i s  test, eight slabs of graphi te  approximate- 

l y  1 by 1 by 0.25 inch and four  slabs of quartz  g l a s s  nominally 1 b y  1 by 0.050 
irzch w e r e  stacked a l t e r n a t e l y  and heated i n  t h e  carbon c ruc ib l e  f o r  12 minutes. 
The pressure  w a s  1 atmosphere, an argon purge w a s  us&, t~rd t h e  t z m ~ r a t u r e  rs-n_ged 
from 2600" t o  3300°F. A t  t h e  end of th i s  period, a l l  of the Si02 had reacted and 
the loss of material w a s  approximately equal t o  the o r i g i n a l  concentrat ion of the 
s i l i c a  (15 percent by weight).  
test run revealed that a heavy c r u s t  had formed on i ts  sur face .  This c r u s t  could 
have been S i c  frwl the reac t ion .  It seems l ike ly  that both  the S i0  and Sic reac- 
t i o n s  were tak ing  place simultaneously. 
that  the Sic r eac t ion  w i l l  predominate over the Si0  reac t ion  a t  t h e  lower temper- 
a tu re s .  However, it w a s  necessary at some s t age  of the reac t ion  f o r  SiOtgas) o r  
Si02 vapor t o  be formed i n  order  that the mater ia l  could be t ranspor ted  o r e a c t  
w i t h  the  w a l l  of the cruc ib le .  

Examination of the graphi te  c ruc ib l e  after the 

It can be seen from a n a l y t i c a l  s tud ie s  

(3). Experiment No. 3 

A t e s t  w a s  run t o  fol low up Experiment No. 2 t o  
determine if Si0 o r  Si02 vapors had t o  be formed i n i t i a l l y  f o r  t h e  s i l i ca -ca rbon  
r eac t ion  t o  take place under the temperature and pressure condi t ions of the ex- 
periment. In  th i s  test ,  a s i n g l e  slab of quartz  was supported by a slab of z i r -  
conia  (Zr02) under which w a s  placed a graphi te  slab.  The tes t  condi t ions were 
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similar t o  those of t h e  preceding t e s t .  The s i l i c a  melted under hea t ing  and reac- 
ted only s l i g h t l y  with t h e  sur face  of t h e  ZrO2. The r e s u l t s  would thus ind ica t e  
t h a t  l i q u i d  phase contact  of s i l i ca  with carbon i s  adequate t o  b r ing  about reac- 
t i o n .  A s i l i c o n  carbide rod had a l s o  been placed i n  t h e  c ruc ib l e  during the  same 
t e s t ,  and it was unaffected by the  condi t ions of t h e  experiment. 

( 4 ) .  Experiment No. 4- -Dif fe ren t ia l  Thermal 
Analvsis (DTA) 

A sample of resin-bonded, high s i l i c a  c l o t h  w a s  
submitted t o  the  D i f f e r e n t i a l  Thermal Analyzer (DTA) t o  explore  t h e  p o s s i b i l i t y  
t h a t  endothermic s i l ica-carbon reac t ions  could occur dur ing  t h e  ab la t ion  of t h e  
material a t  temperatures of 1 8 0 0 " ~  o r  g rea t e r .  

Specimens were machined f o r  t e s t i n g  from s tock  
The nominal dimensions were 0.25 by samples of ~100-48 c l o t h  W/SC 1008 r e s i n .  

0.50 inch. The i n i t i a l  weight w a s  0.937 gram. The specimen w a s  wrapped i n  0.001- 
inch platinum f o i l .  
i n  platinum f o i l .  The d i f f e r e n t i a l  thermocouples of chromel-alumel were in se r t ed  
i n  t h e  specimens and t h e  assembly w a s  placed i n  t h e  furnace.  The furnace w a s  
heated a t  a rate of 8.6"F/min u n t i l  a temperature of 2300°F w a s  a t t a ined .  
d i f f e r e n t i a l  thermocouple output w a s  used t o  pos i t i on  t h e  char t ,  and t h e  output 
of t h e  furnace con t ro l  thermocouple w a s  used t o  d r i v e  the  pen upscale. A f t e r  
cooling, the  f i n a l  specimen weight w a s  0.820 gram. 

The re ference  material was alumina powder s i m i l a r l y  wrapped 

The 

A s  t h e  resin-bonded, h i g h - s i l i c a  c l o t h  w a s  heated,  
it appeared t h a t  s u f f i c i e n t  heat  w a s  generated by combustion of t h e  gases given 
off  t o  mask any heat absorpt ion caused by charr ing,  water evolution, e t c .  Above 
1700°F, the  endothermic absorpt ions were observable. 

The quant i ty  of hea t  evolved per u n i t  w a s  not de- 
termined because no c a l i b r a t i n g  DTA runs were made. 

( 5 ) .  Experiment No. 5--Microscopic Observations of t h e  
Char S t ruc tu re  of S i l i c a  Reinforced Phenolic 

I n i t i a l  microscopic observations were made on Sam- 

The Marquardt Mater- 

Samples were taken 

p l e s  of Refrasil  re inforced phenolic s ec t ions  c u t  from t h r u s t  chambers t h a t  had 
been run with N204/Aerozine 50 at  100 p s i a  chamber pressure.  
ials and Processes Laboratory c u t  and mounted sec t ions  of t h e  v i r g i n  material and 
a l s o  a sec t ion  through t h e  char  surface adjacent  t o  t h e  flame. 
of excessive bubble formation and also of t h i n  bubble formation. 

Photomicrographs, taken a t  10, 50, and 100 power 
magnification, pointed out t h e  following : 

1. Fibe r  diameters were 10 t o  1 2 f l  w i th  seve ra l  
hundred s t r ands  per bundle. 
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2. There were small gas pockets o r  voids i n  
some of t h e  v i r g i n  phenolic samples. 

3 .  By looking a t  the  char sur face  in t e r f ace  
through t h e  45 power binocular  microscope, 
the various sur face  zones could be c l e a r l y  
observed. The following c h a r a c t e r i s t i c s  
were noted: 

a. Deep continuous cracks or  delaminations 
i n  t h e  char  s t r u c t u r e  

b.  Originat ion of t h e  sur face  bubbles from 
wi th in  t h e  f i b e r  bundles as they were 
heated and fused 

c .  Metal l ic  appearance of coat ing on s i l i c a  
fibers near cracks and delaminations 

d. Metal l ic  appearance of coat ing i n  the  
l a r g e r  s i l i c a  bubbles not ye t  exposed 
t o  combustion gas 

e. Whiteness of small bubbles wi th in  the  
melt l aye r  

f .  Depletion of carbon i n  L i l t .  suhsti-ate Z e l ~ v  
t h e  molten s i l i c a  l a y e r  (See Figure 36) 

( 6 ) .  Experiment No. 6--X-Ray Dif f rac t ion  Analysis of Fused 
Surface Slag of F i red  Si l ica-Phenol ic  Thrust Chambers 

To determine t h e  composition of t he  fused sur face  
l a y e r  of f i r e d  s i l ica-phenol ic  t h r u s t  chanibers f o r  comparison with t h e o r e t i c a l  pres 
d i c t ions ,  f o u r  samples were taken from c h a r a c t e r i s t i c  a reas  i n  th ree  Saturn S-IVB 
u l lage  engine t e s t  chambers (See Figure 40).  The samples were chosen from d i f f e r -  
ent appearing residues from the chamber l i n e r s ,  i . e . ,  one sample appeared t o  be 
predominately pure fused s i l i c a ,  other samples of t h e  fused material appeared t o  
be m e t a l l i c  coated, and another sample appeared t o  be of carbonaceous composition. 
In  a l l  cases,  these  residues proved t o  be almost pure s i l i c a  with minor t r a c e s  of 
S i c  and other  cons t i tuents  which caused the  d i f fe rences  i n  appearance. The black 
appearing residue,  f o r  instance,  w a s  caused by i ron  depos i t s  from a burnout of an 
i n j e c t o r  attachment r ing.  
melted and t r a c e s  of t h i s  mater ia l  appeared i n  t h e  fused residue.  
looking coat ing of S i c  on the  fused s i l i c a  foam w a s  microscopically t h i n  and con- 
s t i t u t e d  a very small percentage of the  sample. A subsequent oxy-acetylene t o r c h  

One t h r u s t  chamber had a tantalum l i n e r  i n s e r t  which 
The m e t a l l i c  
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t e s t  f l a s h i n g  of t h e  t h r u s t  chamber, which was completely coated, demonstrated 
t h a t  t h e  coat ing could be instantaneously removed i n  an oxidizing atmosphere a t  
moderately high temperatures. This r e s u l t  leads t o  t h e  b e l i e f  t h a t  t h e  S i c  a t  
t h e  surface resulted as a f l a s h  coat ing caused by t h e  reducing nature  of a f u e l  
purge during shutdown. 

I n  sho r t ,  no fundamental d i f f e r e n c e  could be found i n  
t h e  samples t h a t  d e t r a c t s  from t h e  b a s i c  theory t h a t  t h e  fused s i l i c a  i n  t h e  su r -  
f a c e  l a y e r  becomes depleted of carbon from i n t e r n a l  chemical r eac t ion .  

c . Analy t ica l  Determination of Sil ica-Carbon Reactions 

From t h e  chemical a n a l y s i s  of a charred t h r u s t  chamber sec- 
t i o n  which had been heated i n  t h e  l abora to ry  furnace i n  an  i n e r t  environment of 
1 atmosphere pressure t o  2 8 5 0 " ~ ~  it w a s  found t h a t  t h e r e  were two general  regicns 
of carbon dep le t ion  i n  t h e  char  specimen. The ou te r  l aye r ,  which w a s  l i g h t  gray 
i n  co lor ,  contained 5 percent carbon and t h e  inne r  layer ,  which w a s  a darker  char, 
contained about 15 percent carbon, t h e  remaining c o n s t i t u e n t s  being s i l i c a  and a 
3 t o  5 percent concentration of glass-forming impur i t i e s .  Frorc t h i s  information, 
a computer analysis  was made of t h e  equi l ibr ium composition of a s i l i c a  and carbon 
mixture as a funct ion of temperature and pressure f o r  carbon concectrat ion of 5 t o  
15 percent.  The r e s u l t s  f o r  15 percent carbon are shown i n  Figures  39, 41, 42, 
and 43. It is of note t h a t  t h e  s i l i c o n  carbide r e a c t i o n  p r e f e r e n t i a l  i s  l imited 
t o  temperatures of l e s s  than 3000°F and i s  apparent ly  independent of pressure,  
except t h a t  t h e  suppression of t h e  S i 0  r e a c t i o n  a t  higher  pressures  w i l l  extend 
t h e  range of S i c  formation at 350 p s i a  t o  about 3100'F. A t  temperatures above 
t h i s  point,  t h e  s i l i c a  t h a t  r e a c t s  wi th  t h e  carbon becomes an  equi l ibr ium mixture 
of m e t a l l i c  s i l i c o n  and S i 0  gas with t h e  l a t te r  product becoming predominant a t  
temperatures ranging from 3700"to 4300°F, depending on t h e  chamber pressure.  
t hese  temperatures, t h e  r eac t ion  products f o r  t h e  5 percent carbon specimen are 
S i 0  gas, COY and unreacted Si02, wi th  the S i 0  concentrat ion reaching a maximum of 
17 t o  18 percent of t h e  products by weight. This amount. of STO evolut ion would 
s u b s t a n t i a l l y  add t o  t h e  dimensional a b l a t i o n  rate along wi th  a l t e r i n g  t h e  viscos- 
i t y  and d e n s i t y  p rcpe r t i e s  of t he  molten boundary l aye r .  The a n a l y t i c a l  r e s u l t s  
demonstrate t h a t  t h e  hea t  absorbed by the s l l ica-carbon r e a c t a r t s  could be as high 
as 2000 t o  4500 Btu/lb i n  t h e  temperature span from 2000" t o  4300'F', whereas an  
increase of about 750 Btu/lb would have been absorbed by s e n s i b l e  hea t  s t o r a g e  
e f f e c t s  f o r a  nonreacting s i l i ca -ca rbon  matrix.  

Abovc 

This q u a n t i t y  of hea t  absorbed is  of s i g n i f i c a n t  importance 
t o  be used i n  a heat balance t o  formulate a dimensional a b l a t i o n  model. It must 
be emphasized t h a t  these q u a n t i t i e s  of hea t  would be absorbed only if  t h e  ,rea?- 
t i o n s  had s u f f i c i e n t  time t o  go t o  completion. A chemical model i s  shown i n  Table 
IV for t h e  s i l i ca -ca rbon  matr ix  r e a c t i o n  which may be equivalent  t o  an  a b l a t i n g  
s i l i ca -gheno l i c  t h r u s t  chamber w a l l .  It is  t h e o r e t i c a l l y  possible  t o  l o s e  90 per- 
cent of t h e  s i l i c a  conkent of the charred material a d  a l l  of t h e  carbon by forma- 
t i o n  of gaseous products if chemical equi l ibr ium is a t t a i n e d  a t  t h e  predicted high 
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sur face  temperatures of 4000" t o  4500°F. This may expla in  t h e  deep grooving of 
s i l i ca-phenol ic  t h r u s t  chambers i n  areas wherein t h e  shear  forces  on t h e  molten 
l a y e r  of s i l i c a  would be r e l a t i v e l y  low but  subject  t o  high gas temperatures 
caused by l o c a l  v a r i a t i o n  of O/F r a t i o .  

Another serious consideration of t h e  carbon - s i l i c a  r eac t ion  
is f o r  t h e  space shutdown postrun condition. Along with chemical react ion,  simple 
d i s s o c i a t i o n  and vaporizing of t h e  s i l i c a  may occur under these  condi t ions of high 
vacuum and heat  soaking. The chemical equilibrium of s i l i c a  and carbon r eac t ing  
under these  condi t ions as shown i n  Figure 44 ind ica tes  t h a t  t he  e n t i r e  char sub- 
s t ra te  could gas i fy  if allowed t o  remain very long a t  temperatures as low as 2700" 
t o  2900°F. Again, it must be emphasized t h a t  t h i s  would occur only if t h e  reac- 
t i o n  had s u f f i c i e n t  time a t  these  temperatures t o  go t o  completion. 

Figure 38 gives the vapor pressure and d i s soc ia t ion  pressure 
of molten s i l i c a  as a funct ion of temperature. A t  vacuum pressures  i n  t h e  range 
of 10-3 mm Hg, which m i g h t  p r eva i l  i n  the t h r u s t  chamber i n  space under condi t ions 
of postrun char r ing  of t h e  r e s i n  system and t h e  d i f fus ion  of Si02 vapor products, 
t he  loss of Si02 could b e  c r i t i c a l  i n  view of t h e  t i m e  required f o r  t h e  sur face  t o  
coo l  below t h e  reac t ion  temperature a t  t h i s  pressure.  A sample ca l cu la t ion  is 
given below t o  i l l u s t r a t e  t h i s  p o s s i b i l i t y  f o r  t he  vaporizat ion of Si02. 

Assume, f o r  example, a sur face  temperature of 4300"F, which 
appears reasonable from analyses described i n  t h i s  t e x t .  A molten l aye r  thickness  
of 0.050 inch with an inner  boundary a t  3100°F is a l s o  cons is ten t  with t h i s  anal-  
ysis. T h i  provides an average temperature d i f f e rence  of 6 0 0 " ~  above 3100°F. 

Average spec i f i c  heat  of s i l i c a  layer ,  Cp = 0.36 Btu/lb-"F 

Heat of vaporization, HR = 3700 Btu/lb 

Sensible  heat  s to red  i n  material above 3100°F - Cp AT 
- -  

HR Heat of vaporization 

This would mean t h a t  5.85 percent of the  Si02 i n  t h e  0.050-inch t h i c k  molten l aye r  
could vaporize a t  a pressure of 10-3 mm Hg if t h e  heat content were thus absorbed 
before  it could be d i s s ipa t ed  by rad ia t ion  and conduction hea t  t r a n s f e r  e f f e c t s .  
If t h i s  percentage of t h e  molten layer  were removed a t  t h e  surface,  a loss of 3 
m i l s  of s i l i c a  would occur a t  each shutdown i n t e r v a l .  The cumulative e f f e c t  on 
mult ipulse  duty cycles  could be a serious considerat ion.  
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It would be des i r ab le  t o  conduct labora tory  experiments t o  
determine the  ac tua l  s i l i ca-carbon r eac t ion  and vaporizat ion rates as a func t ion  
of the  temperature and pressure condi t ions t h a t  would be encountered by a space- 
c r a f t  engine throughout i t s  operat ing l i f e .  

The sample ca lcu la t ions  given below present a chemical mass 
and energy balance f o r  the  reac t ions  possible  wi th in  the  charred s i l ica-phenol ic  
t h r u s t  chamber walls. 

SamDle Calculat ions 

Chemical Mass Balance f o r  Reaction Zone No. 1 - - I n i t i a l  Composition: l?%C,  85% Si02 

85 gms 15 gms 16.7 gms 23.3 gms 60 gms A H  = 133 kcal/mole 
L 

Si02 + 3C ,- S i c  + 2co + Si02 = 6000 Btu/lb 

(60) (36) (40) (56) 

Consider 100 gms charred material 

Weight of Si02 t o  r eac t  = 60/36 x 15 25 gms 

Unreacted Si02 = 83 - 23 = 60 gms 

Weight of S i c  formed = 40/36 x 13 = 16.7 gms 

Weight of CO l o s t  = 40 - 16.7 = 23.3 gms 

Weight of s o l i d  res idue = 100 - 23.3 = 76.7 gms 

= 

Weight $ S i c  formed = 16.7176.7 = 21.8% 

Weight % of C = 12/40(0.218)- 6.5% 

A H  = 0.218( 6000) = 1308 Btu/lb i n i t i a l  char 

Reaction Zone No. 2 - I n i t i a l  Composition: 6-30 C, 93.5% Si02 

76.7 gms remaining (60  gms si02,  16.7 gms S i c )  

60 gms 16.7 gms 18.3 gms 11.7 gms 11.7 gms 35 gms 

Si02 + Sic , S i o  + co + S i  + Si02 

(60)  (40) ( 44)  (28)  (28)  
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Weight of Si02 t o  react = 60/40 (16.7) = 25 gms 

Unreacted Si02 = 60 - 25 = 35 gw 

Weight of CO lost = 16,.7/40 x 28 = 11.7 gms 

Weight of Si0 lost = 16.7/40 x 44 = 18.3 gms 

Weight of S i  formed = 16.7/40 x 28 = 11.7 g m ~  

Weight l o s t  = 11.7 + 18.3 = 30.0 g m ~  

Res idue = 35 + 11.7 = 46.7 ~ m s  

Reaction Zone No. 3 - I n i t i a l  Composition: lOO$ Si02 + S i  

46.7 gms remaining (35 gms Sio2, 11.7 gms S i )  

33  &ms 11.7 g m ~  36.8 gms 9.8 g m  

S iO2 + S i  - 2 S i0  + Si02 + 

(60)  (28) (88) 

Weight of SiO:, t o  react = 60/28 (11.7) = 25.2 gms 

Weight of Si0 gas = 11.7/28 x 88 = 36.8 gms 

Weight of Si02 remaining = 33 - 25.2 = 9.8 gm 

If a l l  of the i n i t i a l  15 gms of C were t o  react d i r ec t ly  w i t h  t he  85 gms Si02 ,  
the fo l lowing  r eac t ion  would prevai l  if allowed t o  go t o  completion: 

83 gms 15 gms 55 gms 35 gms 10 gms 

S io + co + Si02 H = 147 kcal/mole 4 

+ c  7 S io2 

(60) (12) (44) (28) 

Weight of Si02 t o  react = 15/12 (60) = 75 gms 

Residue = 85 - 75 = 10 gms (Checks w i t h  above) 
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The indicat ions from an  a n a l y t i c a l l y  der ived 15 percent 
carbon/85 percent s i l i c a  equilibrium reac t ion  are t h a t  t h i s  condi t ion is  poss ib l e  
i n  t h e  range f r o m  4300" t o  4600°F. 

5. Dimensional Ablation Models 

The t h e o r e t i c a l  thermochemical and heat  t r a n s f e r  analyses to-  
ge the r  wi th  laboratory s tud ie s  of t h e  chemical mechanisms of a b l a t i o n  have shed 
new l i g h t  on the r e l a t i v e  importance of t hese  phenomena i n  c o n t r o l l i n g  a b l a t i o n  
rates wi th in  rocket t h r u s t  chambers. From t h e  r e s u l t s  of t h i s  i nves t iga t ion ,  a 
s impl i f i ed  ab la t ion  model w a s  formulated t o  p red ic t  dimensional a b l a t i o n  rates 
of a s i l i ca -pheno l i c  composite i n  a t h r u s t  chamber environment. The agreement 
of these predict ions with f u l l  s c a l e  experimental data supports t h e  conclusion 
t h a t  e ros ion  r a t e s  may be con t ro l l ed  by t h e  chemical k i n e t i c s  of t h e  s i l i ca-carbon 
r eac t ion  wi th in  the  chamber. 

The a n a l y t i c a l  and laboratory studies descr ibed i n  t h i s  t e x t  
provide a basis for t h e  s impl i f i ed  a b l a t i o n  model based on the  following assump- 
t i o n s  : 

1. 

2 .  

3 .  

4. 

Charring rates and t r a n s i e n t  temperature d i s t r i b u t i o n s  
may be predicted on t h e  basis of thermal conduction 
only. The hea t  absorbed and gases evolved i n  thermal 
degradation of t h e  r e s i n  are i n s u f f i c i e n t  t o  c o n t r o l  
su r f ace  temperature or e ros ion  rate.  

The viscous cha rac t e r  of t h e  molten s i l i c a  is such 
t h a t  comparatively high dynamic shea r  stresses can be 
sustained a t  surface temperatures w e l l  above i t s  m e l t -  
ing  poin t .  

The highly endothermic r e a c t  ions possible  between t h e  
s i l i c a  and t h e  carbon char  res idue i n  t he  chamber w a l l  
can take place under t h r u s t  chamber f i r i n g  condi t ions 
wi th  t h e  evolut ion of gaseous CO and S i 0  (as confirmed 
by l abora to ry  and t e s t  f i r i n g  data).  

Reactions between t h e  p rope l l an t  combustion products 
and the a b l a t i v e  w a l l  materials is a minor e f f e c t  i n  
the  s i l i ca -pheno l i c  ab la t ion ,  as evidenced by t h e  
dep le t ion  of carbon i n  t h e  composite while  completely 
shielded from combustion products by t h e  molten s i l i c a  
f i l m  formed during f i r i n g .  

UNCLASS I F I  ED - 42 - 



rmrrawllw 6069 R E M  

z z a y " a d f  
VAN NUYS. CALICOIWIA UNCLASSIFIED 

Results formulated from t h e  above c r i t e r i a  compared t o  experi-  
mental r e s u l t s  explain t h e  s e n s i t i v i t y  of loca l ized  e ros ion  rates t o  heat  t rans-  
fer and gas temperature d i s t r i b u t i o n  on t h e  b a s i s  of t h e  k i n e t i c s  of t h e  above 
phenomena. 
e ros ion  p a t t e r n  of a s i l i c a  phenolic t h rus t  chamber with t h e  measured cold w a l l  
hea t  f l u x  u t i l i z i n g  t h e  same i n j e c t o r  (Reference 8). 
t o  vary only by a f a c t o r  of two compared t o  th roa t  e ros ion  r a t e s  varying from 
zero  t o  5 mils/sec.  

This  e f f e c t  is i l l u s t r a t e d  i n  Figure 45 which compares t h e  t h r o a t  

Local heat  f l uxes  are shown 

a. Chemical A b l a t i o n  Model 

The ab la t ion  model involves a s impl i f i ed  hea t  balance be- 
tween t h a t  convected t o  t h e  a b l a t i n g  surface,  t h a t  absorbed chemically and sens i -  
b l y  i n  t h e  r eac t ion  zones, and t h a t  conducted t o  t h e  material s u b s t r a t e  through 
an a r b i t r a r y  isothermal l i n e  beyond which no highly endothermic reac t ions  are 
assumed t o  occur. The chemical model used is that shown i n  Table IV f o r  an i n i -  
t i a l  r e s i n  content  of 30 percent.  The a b l a t i o n  model used f o r  i l l u s t r a k i o n  pur- 
poses is one wherein t h e  e n t i r e  region of carbon dep le t ion  is assumed t o  occur 
between 2500°F and the  sur face  temperature of approximately 4000" t o  4200°F. 
heat  absorbed i n  t h i s  region by chemical r eac t ion  and enthalpy change of t h e  prod- 
uc ts  was ca lcu la ted  t o  be  about 4200 Btu/lb. 
a l l  reac t ions ,  leaving a 10 percent Si02 res idue  from t h e  o r i g i n a l  charred mater- 
ia l .  

The 

These values  assume completion of 

(It is considered later t h a t  t h i s  r eac t ion  may not go t o  completion.) 

The t r ansp i r a t ion  cool ing ( "blowing" parameter) e f f e c t  has 
heec evaluated and found t o  be negl ig ib le  f o r  t he  purposes of t h i s  model. 
sur face  regression rate of 2 mils jsec,  a s smi i ig  all gzsenns products given o f f ,  
would lower t h e  ad iaba t i c  w a l l  temperature less than 200°F f o r  a gas temperature 
of 4790°F and a chamber pressure  of 100 p s i a  (See Figure 44) .  

A 

Throat erosion rates as a func t ion  of t i m e  were ca l cu la t ed  

This information is shown i n  Figures 46, 47, and 48 and is used f o r  com- 
Some amount of t r i a l  and e r r o r  

f rom steady state sea l e v e l  experimental test da ta  f o r  the  Saturn S-NB ul lage  
engine. 
par ison with a n a l y t i c a l  r e s u l t s  (See Figure 49). 
w a s  used t o  a r r i v e  a t  sur face  temperatures which were compatible with both re -  
s u l t  s. Typical ca l cu la t ions  follow . 

b.  Ablation Model Calculat ions 

A heat  balance c a l c u l a t i o n  had been made t o  examine hea t  
balance c r i t e r i a  f o r  an a b l a t i n g  s i l ica-phenol ic  t h r u s t  chamber when only hea t  
conduction and sur face  melting is considered. The fol lowing assumptions were made 

1. Heat t r a n s f e r  c o e f f i c i e n t  = 500 Btu/hr-ft2-"F 

2. Gas temperature = 4900°F 

3 .  Surface temperature = 4300°F 

4. Dimensional a b l a t i o n  rate = 2 mils/sec 
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Under these  conditions of hea t  t r a n s f e r  a t  t i m e  t = 100 sec,  
the  material could only absorb about 23  percent of t h e  convected hea t  f l u x  throug'r, 
phase change and sens ib l e  heat  s torage  e f f e c t s .  The unaccounted f o r  heat flux, if 
divided by t h e  mass removal rate, would ind ica t e  t h a t  about 4000 Btu/lb would  have 
t o  be absorbed i n  another  manner. This value i s  very c lose  t o  t h a t  predicted by 
the  s i l ica-carbon chemical equi l ibr ium s tud ie s .  
be f o r  t h e  surface temperature t o  r ise  i n  order  t o  balance t h e  heat  t r a n s f e r  acros  
t h e  sur face  boundary. For t h i s  case, t h e  sur face  temperature would have t o  r ise  
t o  4730°F or within 150°F of the  gas temperature. This would appear unl ike ly  s i n c  
t h e  v i s c o s i t y  would be  lowered by a f a c t o r  of almost 20 over t h a t  a t  4300°F and a 
f a c t o r  of 100 over t h a t  at 4000°F which may ind ica t e  a more rapid f l o w  rate than 
is  a c t u a l l y  the  case.  
assumed, t h e  surface temperature would have t o  s t a b i l i z e  a t  4650°F i n  order  t o  ef- 
f e c t  a hea t  balance. These high sur face  temperatures appear very unl ikely,  both 
from the  standpoint of t he  lowered s i l i c a  v i s c o s i t y  and a l s o  from t h e  f a c t  t h a t  
t h e  i n t e r n a l  chemical reac t ion  which is known t o  be tak ing  place has an equi l ib-  
rium temperature of s eve ra l  hundred degrees below these  values  (around 4000°F f o r  
13 percent C/85 percent Si02 at 100 p s i a ) .  

The only o ther  a l t e r n a t i v e  would 

If high ab la t ion  rates on t h e  order  of 5 mils/sec a r e  

It has been ca lcu la ted  t h a t  gas temperatures as low as 4300°F 
have ex i s t ed  i n  t h e  e a r l y  S-IVB sea l e v e l  s teady  s ta te  t h r u s t  chamber f i r i n g s  
which are used f o r  comparative purposes. The erosion rates f o r  these chambers 
have been on the  order  of 1.3 t o  2.0 mils/sec.  

The Q/A absorbed chemically m i g h t  be as fo l lows:  

- he AT = 300 (4500 - 4000) = 0.483 Btu/in.2-sec 
Q/Aconvection - 144 (3600) 

&/A conducted through 3100°F isothermal = 0 . 1  Btu/in.2-sec a t  t = 100 sec 

2 Weight of s i l i c a  char  = 5.3 x 10-5 lb/mil-in.  

0.383 Btu = 4130 Btu/lb 

sec  mil-in.2 
in .  2-s ec 1.75 m i l  5.3 x 10-5 l b  
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Consider naw higher flame temperatures where erosion rates 
have r i s e n  t o  5 mils/sec a t  gas temperatures of t h e  order  of 4900°F. 
be reasonable t o  assume t h a t  t h e  surface temperature has r i s e n  a f e w  hundred de- 
grees  h igher  t o  perhaps 4200°F. 

It may a l s o  

Q/A convection = 
500 (4g00 - 4200) 

= 0.675 Btu/in.2-sec 
144 (3600) 

Q/A conducted = 0.1 Btu/in.2-sec 

2 Q/A absorbed (3100" - 4200°F) = 0.575 Btu/in. -see 

0.575 Btu - = 2170 Btu/lb 
5 m i l  5.3 x 10" 

sec mil-in.2 
in.*-sec x - x 

If the  su r face  temperature had remained a t  4000°F, t h e  hea t  absorbed pe r  pound 
would have been 2900 Btu/lb. 

It appears from t h i s  experimental evidence t h a t  t h i s  mater- 
i a l  may a b l a t e  less e f f i c i e n t l y  when the  gas temperatures a r e  r a i sed  t o  more than 
a f e w  hundred degrees higher  than i t s  normal chemical equi l ibr ium temperature and 
t h a t  t h e  s i l i ca-carbon r eac t ion  may n o t  have t i m e  t o  go t o  completion before  t h e  
i n i t i a l  reac t ion  products a r e  l o s t .  This may suggest an exponent ia l  v a r i a t i o n  of 
a b l a t i o n  rate with gas temperature r a the r  than t h e  approximately l i n e a r  one shown 
i n  F igure  50 at high hea t  t r a n s f e r  r a t e s .  
assumed a constant heat  absorbed of 4200 Btu/lbJ 

(The ana lys i s  f o r  t hese  curves had 

It is l i k e l y  t h a t  when high rates of dimensional a b l a t i o n  
are t ak ing  place ( i n  excess of 2 mils /sec) ,  i n  t h e  t h r o a t  reg ion , tha t  some com- 
b ina t ion  of chemical and physical  erosion may be tak ing  place with t h e  chemical 
r eac t ion  s t i l l  predominating. I n  ac tua l  prac t ice ,  t h e r e  may be a build-up of 
s i l i c a  a t  t h e  th roa t  e x i t  i nd ica t ing  s i l i c a  f l a w .  However, the ever  present  de- 
p l e t ion  of carbon i n  t h e  fused surface l aye r  would ind ica t e  t h a t  a t  least Reaction' 
No. 2 i n  t h e  chemical a b l a t i o n  model had gone t o  completion (See Table IV and Fig- 
ure 51). 
i n  t h e  range of 50 t o  60 percent instead of t h e  10 percent pos tu la ted  by t h e  theo- 
r e t i c a l  model. 
thermic heat  absorpt ion capac i ty ,  
a b i l i t y  would be very c lose  t o  t h e  reduction i n  a b l a t i v e  e f f i c i e n c y  which is pre- 
d i c t ed  by the  "high ab la t ion  r a t e "  heat balance previously shown. 

If Reaction No. 3 were not allowed t o  occur, t he  s o l i d  res idue  would be 

This would a l s o  be a t  t h e  expense of about 1600 Btu/lb of endo- 
The loss of t h i s  quan t i ty  of hea t  absorpt ion 
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A b r i e f  ana lys i s  was Eade of t h e  e f f e c t  of e f f e c t i v e  en?c- 
thermic hea t  absorption on w a l l  temperature and e ros i cn  r a t e  f o r  two differen-5 
eon5ustion gas temperatures, 3000" and 7000°F. The curves of Figures. 52 an2 53 
show t h a t  a t h r u s t  chamber material surface absorbing WOO BSu/lb a t  a tenper*?.- 
t u r e  of 4300°F i n  a 5000'F gas would recede a t  a rate of 0 0 5  mil / see  and u n k r  
similar conditions i n  a 7000°F gas would recede st a rate of 2.0 m i l / s e z 0  

To s implify t h e  a b l a t i o n  model presented, the tempeyature 
d i s t r i b u t i o n  which determines hea t  conduction t o  t h e  s u b s t r a t e  is r e fe ren ied  to 
t he  o r i g i n a l  surface.  A t  erosion rates of 2 mils/sec or less, t h i s  appears tc 
be a reasonable approximation s ince  after 20 seccnds t h e  hea t  conducted t o  t h e  
subs t r a t e  i s  only on t h e  order  of 10 percent of t he  convected hea t  f l u x .  
assumption of a boundary moving a t  2 mils/sec would only vary t h i s  f l u x  by a fe; , r  
percent. 
flux could remain as high as 30 percent of t h e  convected f l u x  f o r  some period of 
t i m e ,  and consequently the  moving boundary would have t o  be considered. 

The 

I n  the  case of higher  erosion r a t e s  ( 5  mils/sec) ,  t h e  e o n d u e t d  hest 

c .  Viscous Shear Flow Ablation Model 

P r i o r  t o  the  establishment of e r i t i e r i a  t o  formulate a chem- 
i c a l  a b l a t i o n  model, a simple viscous shea r  flow model w a s  made f c r  a molten s i l -  
i c a  su r face  i n  a t y p i c a l  l i q u i d  propel lant  t h r u s t  chamber envircniient. The pur- 
pose was t o  examine t h i s  mode of a b l a t i o n  and t o  e s t a b l i s h  surface temperature 
c r i te r ia  for t h e  t r a n s i e n t  hea t  conduction a n a l y s i s  previously described 

The f e a s i b i l i t y  of a 4000' t o  4500'F su r face  temperature 
w a s  v e r i f i e d  through t h e  c r i t e r i a  of t h e  thermal conduct ivi ty  of the rriolten s i l -  
i c a  arid the  v i s c o s i t y  of t h e  s i l i c a  a t  temperatures above i t s  melting p a i n t .  An 
i n i t i a l  approximation f o r  t h e  thickness  of t h e  molten l a y e r  was a r r i v e d  a t  1~5t?: 
the  following c r i t e r i a  : 

1. The thermal conduct ivi ty  of pure s i l i c a  a t  i t s  - 
melting point of 3 1 0 0 " ~  is  given as 2.97 x 12-? 
Btu/in. -see-"F. Ind ica t ions  are t h a t  it l a  
reasonably constant  a t  values  above t h i s  & c ? P n t l  

2.  The hct wall heat f l u x  t o  a 4309'F su r face  for 
conventional hypergolic prope1l.ants a t  Pe .I 1332 
p s i ,  a gas temperature of 4950"F, acd a throat 
diameter of approximately 3 inehes would be 
about 0,9 Btu/inO2-se@ = 

Therefore 
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From t h i s  approximate value, a molten boundary l a y e r  thick- 
ness of 0.030 inch w a s  assumed f o r  an ideal ized flow model. For the plrpose of 
s i m p l i f i c a t i o n ,  t h e  0.050-inch molten layer  w a s  divided i n t o  equal  layers  of 
0.010-inch thickness  with a l inear temperature increment from t h e  melting point  
t o  4250'F. The s impl i f ied  m o d e l  is shown below along with a model scaled from 
microphotographs of f i r e d  s i l i c a  reinforced phenolic t h r u s t  chamber sec t ions .  

Ideal ized Model R e a l i s t i c  Model 

It is interesting t o  note a t  t h i s  point that  t h e  molten 
l a y e r  thickness  of t h e  chamber sec t ion  is  roughly the  same as that ca icu la ied  
from hea t  t r a n s f e r  c r i t e r i a .  
t he  viscous shear stress required t o  continuously deform a viscous f l u i d  i n  one- 
dimensional flow, y ie lds  

Equating the  dynamic gas f r i c t i o n  shear  stress t o  

Where 

V = Combustion gas v e l o c i t y  

e = Combustion gas dens i ty  

f = Dimensionless f r i c t i o n  f a c t o r  which is l a r g e l y  independent of sur face  
condi t ion and Reynolds number when operating a t  hi,gh Reynolds numbers 
(above 105) i n  turbulent  f l a w .  

Viscosi ty  of molten s i l i c a  as a funct ion of temperature 

( A  value of 0.013 is used.) 

f i  = 

2 = One-dimensional v e l o c i t y  gradient i n  molten l aye r  dx 
= Shear s t r e s s  
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F i r s t  computing t h e  dynamic gas shea r  stress, values of 
0.06 p s i  i n  t he  chamber s e c t i o n  and 0.9 p s i  i n  the  t h r o a t  s e c t i o n  are obtained. 
Using these values and t h e  temperature dependent v i s c o s i t y  value taken a t  incre-  
ments of 0.010 inch i n  t h e  flow model, a v e l o c i t y  g rad ien t  can be solved f o r  
each poin t .  The r e l a t i v e  v e l o c i t i e s  a t  each point  i n t eg ra t ed  through simple sum- 
mations a r e  to t a l ed  t o  give t h e  v e l o c i t y  of flow of t h e  s i l i c a  a t  t h e  su r face  wi th  
respect t o  t h e  s u b s t r a t e  material. Using t h i s  method, t h e  movement of a p a r t i c l e  
of molten s i l i c a  a t  t h e  su r face  assumed a v e l o c i t y  of 0.041 inch pe r  second at t h e  
t h r o a t  and a value of 0.02 inch per second i n  t h e  chamber. A s l i g h t l y  d i f f e r e n t  
flaw model i s  shown i n  Figure 54. 
above values a r e  t o  be considered only t o  examine the  f e a s i b i l i t y  of t h e  i n i t i a l  
surface temperature assumption and as such would i n d i c a t e  t h a t  t h e  assumption was 
reasonable. Together wi th  t h e  c o r r e l a t i o n  achieved wi th  t h e  heat  s i n k  a n a l y s i s  
with experimental data, i t  appears t h a t  su r f ace  temperature assumptions of 4009" 
t o  4300°F wi th  s i l i c a  re inforced a b l a t i v e  materials can be amply j u s t i f i e d .  

It must be pointed out a t  t h i s  t i m e  t h a t  t h e  

I n  order t o  use t h e  viscous shear  analogy t o  p red ic t  t h e  
dimensional a b l a t i o n  rate of t h e  molten layer ,  t h e r e  i s  much y e t  t o  be learned 
about t h e  mode of removal of t h e  s i l i c a  m e l t .  It has been observed i n  a labor- 
a t o r y  experiment t h a t  very minute gas bubbles from t h e  r e s i n  degradation process 
e f fuse  cont inual ly  through t h e  molten l a y e r  dur ing  pyrolysis  of t h e  sample. This  
would i n d i c a t e  t h a t  t h e  molten l a y e r  may be h ighly  porous during t h e  a b l a t i o n  
process. Postrun microphotographs a l s o  gene ra l ly  s u b s t a n t i a t e  t h i s  f a c t o r .  It 
is not known whether t h e  s i l i ca  m e l t  i s  l o s t  t o  t h e  gas stream when t h e  minute 
bubbles break or whether dimensional loss is  caused by simple shear  flow of t h e  
molt.en media. The postrun l i n e r  condi t ion might indicate,  t h a t  because of su r face  
t ens ion  e f f e c t s ,  t h e  s i l i c a  is a b l e  t o  lump i n t o  a node and flow through t h e  
chamber much as a raindrop runs down a window pane. 
t h e  su r face  removal rate i s  a funct ion of both t h e  v i s c o s i t y  and su r face  t e n s i o n  
of t h e  s i l i c a  melt, which are i n  t u r n  temperature dependent. The viscous e f f e c t ,  
as described, may a l s o  be a f f ec t ed  by porosi ty  caused by gas evolut ion.  The melt 
l a y e r  thickness  and surface temperature of t h e  m e l t  appear t o  be funct ions of gas 
enthalpy and, of course, t h e  dynamic shear  fo rces  are dependent upon t h e  v e l o c i t y  
3rd d e n s i t y  of the combustion gases.  

It may be general ized t h a t  

The con t r ibu t ion  offered by t h i s  simple shear  flow ana1ys:ls 

(The i n t e r n a l  chem- 
The 

w a s  50 e s t a b l i s h  upper temperature l i m i t s  f o r  t h e  a b l a t i n g  s i l i ca -pheno l i c  5s con- 
t r o l l e d  by dynamic shea r  force-viscous property i n t e r a c t i o n .  
i c z l  k i n e t i c s ,  i f  i n  con t ro l ,  may l i m i t  t h e  surface t o  a lower temperature.)  
shortcomings of t h i s  m o d e l  are t h a t  a hea t  balance cannot be a f f e c t e d  a t  t h e  
mol-ken flow l inc-char  base boundary using l i q u i d  phase a b l a t i o n  c r i t e r i a  only. 
T h i s  is described i n  more depth f o r  t h e  chemical a b l a t i o n  model Fresented earlier.  
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D. Heat Sink Design Studies  

Combustion chamber and e x i t  nozzle component temperatures may be 
held below s t r u c t u r a l  limits while heat  is  being conducted away from t h e  sur face  
and absorbed i n  t h e  chamber and nozzle walls. Promising heat  s i n k  materials are 
thcse  which have high hea t  capacity,  high thermal conduct ivi ty ,  high s t r u c t u r a l  
temperature limits, and compat ib i l i ty  with combustion gases .  Poss ib le  candidates  
would be py ro ly t i c  graphi te ,  i so t rop ic  graphi te ,  tungsten,  and b e r y l l i a .  

The e f f e c t  of heat  s ink  geometry is shown graphica l ly  i n  Figure 55. 
The e f f e c t s  of t h e  w a l l  th ickness  and nozzle radius  on the  sur face  temperature 
r ise of a t y p i c a l  graphi te  nozzle are shown i n  t h i s  p lo t  which a l s o  shows two 
s t r i k i n g  f a c t s  : 

1. For l a r g e  radius  nozzles, run t i m e s  are not extended by 
increasing the  wa l l  thickness  beyond a c e r t a i n  value 
(approximately 2 inches f o r  t h e  case shown). 

2. For small radius  nozzles with t h e  same heat  t r a n s f e r  co- 
e f f i c i e n t s ,  run times are not only longer f o r  t h e  same 
w a l l  th ickness ,  bu t  t h e  allowable run times continue t o  
increase  with increasing w a l l  th ickness  t o  an optimum 
w e l l  beyond t h e  optimum f o r  t h e  l a r g e r  nozzle.  

Figures  56, 57, and 58 have been p lo t t ed  t o  present  g raph ica l ly  
t.he e f f e c t  of hea t  t r a n s f e r  coe f f i c i en t  on t h e  rate of sur face  temperature rise 
of a given rocket nozzle hea t  s ink  configurat ion.  
nozzle i n s e r t s ,  t he  time t o  reach a given temperature is inverse ly  propor t iona l  
t o  t h e  hea t  t r a n s f e r  coe f f i c i en t .  But f o r  t h i c k  w a l l s  ( l a r g e  values  of R e  ap- 
proaching lo), t h e  hea t ing  t i m e  i s  inversely propor t iona l  t o  t h e  hea t  t r a n s f e r  
c o e f f i c i e n t  t o  a power g r e a t e r  than 2.0, thus  making run t i m e  more s e n s i t i v e  t o  
a reduct ion i n  t h e  heat  t r a n s f e r  coe f f i c i en t .  This reduct ion i n  heat  t r a n s f e r  
rate may possibly be achieved through t h e  use of film cool ing.  

For iiiiil walled (Ee cezr l = O )  

The e f f e c t  of increasing t h e  thermal conduct ivi ty  of a hea t  s ink ,  
as determined by Figures  56, 57, and 58, is  t o  increase  t h e  optimum w a l l  th ick-  
ness and at t h e  same t i m e  t o  increase t h e  allowable run t i m e .  Tables V and V I  
provide s p e c i f i c  examples t o  i l l u s t r a t e  t h e  e f f e c t  of v a r i a t i o n  of h e a t  s i n k  
thermal p rope r t i e s .  

Figure 59 shows t h e  e f f e c t  of ax ia l  hea t  conduction and increas ing  
w a l l  th ickness  on the t r a n s i e n t  temperature response of a graphi te  t h r o a t  i n s e r t .  
For t h i s  p a r t i c u l a r  example, a 3 percent increase  i n  run t i m e  is gained by in-  
c reas ing  t h e  graphi te  w a l l  th ickness  by 0.54 inch. Consideration of t h e  e f f e c t  
of a x i a l  heat  conduction r e s u l t s  i n  a 7 percent increase  i n  run t i m e  t o  reach t h e  
spec i f i ed  surface temperature. 
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E.  Film Cooling Studies  

Film cooling ca lcu la t ions  were made f o r  s eve ra l  coolants  and nozzle 
configurat ions in  order t o  provide a comparison of conventional f i l m  cool ing anal-  
y s i s  w i t h  the  t e s t  program r e s u l t s .  The ana lys i s  used the methods of References 
9 and 10 with modifications i n  some cases t o  account f o r  mul t ip le  s l o t  f i l m  in-  
j ec t ion .  The analysis  is based on t h e  conventional assumptions t h a t  the w a l l  is 
ad iaba t ic ,  that  a l l  effects of f i l m  cool ing can be in t e rp re t ed  i n  terms of an 
"ad iaba t ic  w a l l  temperature ( Tkd) assumed i d e n t i c a l  t o  t h e  l o c a l  w a l l  tempera- 
t u r e ,  while t h e  heat  t r a n s f e r  coe f f i c i en t  i s  assumed t o  be  unaffected by the  f i l m  
cooling. Furthermore, the co r re l a t ions  used i n  the ana lys i s  were obtained from 
tests of f i l m  cooling i n  cy l inders ,  and t h e  v a l i d i t y  of t h e i r  use i n  converging- 
diverging nozzles i s  unknown. 
c r ibe  gaseous f i lm  cooling of rocket nozzles, bu t  no improved equat ion f o r  film 
cool ing co r re l a t ion  has ye t  resu l ted .  Nearly a l l  f i l m  cool ing ca l cu la t ions  were 
made f o r  02/H.2 a t  100 psia ,  an O/F r a t i o  of 5 ,  and a C* eff ic iency,  of 95 percent .  
Coolant i n l e t  temperature was always 70°F. 

Several  recent  r epor t s  (References 11 and 12) des- 

1. Two-Row Hole Pa t t e rn  a t  C r  = 4 : l  

Two c i rcumferent ia l  rows of holes  near a cont rac t ion  r a t i o  of 
4 : l  were assumed t o  be d r i l l e d  r a d i a l l y  i n  the  s tandard nozzle (Figure 5 ) .  I n  
one case,  the t o t a l  ho le  area used was tha t  which gave optimum in j ec t ion  v e l o c i t y  
when cool ing t h e  e x i t  s t a t i o n  a t  Ae/& = 1.5:l t o  1000°F, and then t h e  coolant  
requirements f o r  other  e x i t  s t a t i o n  temperatures were ca lcu la ted  using t h a t  f i xed  
area. The e x i t  s t a t i o n  is t h e  h o t t e s t  s t a t i o n  according t o  the assumptions of 
the ana lys i s .  Later, add i t iona l  ca lcu la t ions  were made assuming t h a t  t he  hole  
area was optimized at a l l  f l o w  rates. A comparison of f i l m  coolant requirements 
f o r  f ixed  o r  optimized hole  areas f o r  H2, He,  CH4, and N2 is shown i n  Figure 60. 
The except ional  cooling capab i l i t y  of t h e  l o w  molecular weight gases (H2 and H e )  
is evident.  The optimization of hole  area ( i . e . ,  compat ib i l i ty  of f i lm e x i t  ve- 
l o c i t y  vec to r  with l o c a l  stream ve loc i ty )  i s  a l s o  important. Since t h e  propel lan t  
flow rate f o r  the  assumed nozzle is 0.53 pps, it i s  obvious t h a t  very l a rge  cool- 
an t  flow rates are indicated i n  order t o  use a conventional material such as steel 

2. Tangential  Slot. a t  C r  = 5.38:1 

The nozzle contour used i n  t h e  t es t  program w a s  i d e n t i c a l  t o  
tha t  used i n  the f i lm cool ing and erosion program analyses  except t h a t  the  con- 
t r a c t i o n  side of t h e  test  nozzle contour w a s  extended t o  a cont rac t ion  r a t i o  of 
3.38. A second fi lm cool ing configurat ion,  used ex tens ive ly  i n  t he  tes t  program, 
consis ted of a circumferent ia l  s l o t  i n j e c t i n g  coolant  t a n g e n t i a l l y  t o  t h e  nozzle 
w a l l  a t  C r  = 5.38:1. An ana lys is  of hydrogen cool ing requirements f o r  t a n g e n t i a l  
s l o t  areas optimized a t  each flow rate f o r  cool ing the e x i t  s t a t i o n  gave very c l o s  
t o  the same re su l t s  f o r  C r  = 5.38:1 as f o r  the optimized radial holes a t  4 : l .  The 
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s l i g h t l y  increased length of nozzle t o  be cooled was evident ly  balanced by t h e  
increased cooling e f fec t iveness  of t h e  t angen t i a l  i n j ec t ion .  The f l o w  r a t e  is 
shown i n  Figure 61, and t h e  v a r i a t i o n  of t h e  optimum s l o t  width f o r  t angen t i a l  
i n j e c t i o n  at C r  = 5.38:1 is shown in Figure 62. 
program w a s  0.035 -f 0.003 inch. 

The s l o t  width used i n  the  test  

3. Mul t i s lo t  Cooling 

Film cool ing ca lcu la t ions  w e r e  made f o r  r a d i a l  i n j e c t i o n  of hy- 
drogen i n  t h e  mul t i s lo t  configurat ion on Figure 63. 
tested us ing  t h e  design shown i n  Figure 63. 
inch t h i c k  edge or iented py ro ly t i c  graphi te  d i sks  which had coolant s l o t s  machined 
on one f ace .  A t y p i c a l  d i s k  wi th  coolant s l o t s  is shown i n  Figure 64. 
a n t  s l o t s  were staggered i n  a checkerboard fashion, s o  t h a t  t h e  s l o t s  along any 
nozzle f l a w  path were separated by two d i sks  (0.5 inch) .  
cool ing  e f f i c i ency  intermediate between s ing le  s l o t  cool ing and t r a n s p i r a t i o n  cool,  
ing.  The t r a n s p i r a t i o n  cordition could be more c lose ly  approached by c l o s e r  a x i a l  
spacing of s l o t s ,  first by having consecutive s l o t s  i n  every d i s k  f o r  a 0.23-inch 
spacing, and t h e 3  by using th inne r  pyro ly t ic  graphi te  d i sks .  
i t e  has a high thermal expansion during heat ing and may a l s o  shr ink  i n  permanent 
a x i a l  l ength  after a t i m e  due t o  va r i ab le  l a t t i c e  transformation, usua l ly  termed 
"growth". 
sp r ing  as shown i n  Figure 63. 

Two mul t i s lo t  nozzles were 
Each nozzle was made of eleven 1/4- 

The cool- 

This design provided 

The pyro ly t ic  graph- 

The d i sks  were successfu l ly  contained during motor t e s t s  by a Bel lev i l l l  

The dimensions of t he  coolant s l o t s  w e r e  determined using an 
ana lys i s  of compressible flow with f r i c t i o n  and required optimizing t h e  r e l a t e d  
requirements of i n j ec t ion  e f f ic iency ,  f a b r i c a b i l i t y ,  and codiant manifoici pr-t.5sui-e 

The ana lys i s  procedure f o r  f i lm cooling w a s  modified t o  account 
f o r  t h e  e f f e c t  of upstream film cooling by using an "adiabat ic  w a l l  temperature" 
(TGd) a t  any loca t ion  which w a s  t h e  same as t h e  w a l l  ( i . e . ,  recovery) temperature 
which would have been predicted at t h a t  l oca t ion  from the  upstream cooling alone, 
as discussed by S e l l e r s  i n  Reference 13. 
i n  t h e  nozzle is a t  a point  f u r t h e s t  duwnstream from a s l o t  and jus t  upstream from 
t h e  next s l o t .  
mum w a l l  temperature a r e  shown f o r  each of t h e  in j ec t ion  s t a t i o n s  i n  Figure 650 
The numbering system f o r  t h e  s l o t s  is shown i n  Figure 630 
t i o n  w a s  f o r  02/H2 a t  100 ps ia ,  an  O/F r a t i o  of 2.0, and a C* e f f i c i ency  of 95 
percent 

The maximum w a l l  temperature anywhere 

The hydrogen cool ing requirements f o r  var ious values  of t h e  maxi- 

Again, t h e  motor con&i- 

The t o t a l  coolant f o r  a l l  of t h e  s l o t s  is  p lo t t ed  i n  Figure 66, 

No coolant w a s  used a t  S l o t s  7 and 8. 
where it i s  compared w i t h t h e  hydrcjgen cool ing requirement f o r  t a n g e n t i a l  i n j e c t i o n  
a t  5.38:l and f o r  t r a n s p i r a t i o n  cooling. 
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IV, EXPERIMENTAL STUDIES 

A. Test Program Objectives 

The test program w a s  conducted using gaseous oxygen/hydrogen pro- 
p e l l a n t s  t o  provide tes t  data i n  support of t h e  following objec t ives :  

1. Combined Film and Radiation Cooling 

No experimental data were ava i l ab le  f o r  combined film and radi- 
a t i o n  cool ing of rocket nozzles. 
data were ava i l ab le  f o r  conventional gaseous f i l m  cooling of nozzles, a l l  previ-  
ous data having been obtained f o r  c y l i n d r i c a l  combustion chamber sec t ions .  
fore ,  t es t  data were required t o  evaluate combined f i l m  and r ad ia t ion  cool ing of 
nozzles and the e f f e c t s  of a converging-diverging nozzle.  Another important ob- 
j e c t i v e  w a s  t o  determine the performance lo s ses  a t t r i b u t a b l e  t o  film cooling of 
a rocket  nozzle. 

I n  f a c t ,  a t  the  beginning of the  program no 

There- 

2. I n e r t  and Reactive Gas Cooling of Graphite Nozzles 

An experimental program was required t o  evaluate  some of the 

I n  pa r t i cu la r ,  the following ideas were t o  be evaluated:  
most promising cool ing concepts which had evolved during the a n a l y t i c a l  por t ion  
of t h e  program. 

1. Mul t i s lo t  cooling of pyro ly t ic  graphi te  nozzle 

2. Transpi ra t ion  cooling of porous graphi te  nozzle, 
using i n e r t  and r eac t ive  coolant gases 

3 .  Negative erosion ( i . e . ,  depos i t ion)  of graphi te  
nozzle cooled by methane 

4. Single  s l o t  f i l m  cool ing of graphi te  nozzle, 
using i n e r t  and r eac t ive  coolants  

B. Test  Setup and Hardware 

The t e s t s  were o r ig ina l ly  planned f o r  use of an off the shelf in- 
j e c t o r  and combustion chamber purchased from Astrosystems, Inc. ,  toge ther  w i t h  
var ious cooled and uncooled e x i t  nozzle designs produced by Marquardt. The nomi- 
n a l  t h r o a t  diameter f o r  the tests was  1.25 inches.  The nominal propel lant  f l o w  
w a s  0.539 pps using gaseous 02/H2 a t  an O/F r a t i o  of 5.0, and a nominal chamber 
pressure  of 100 psia.  The Astrosystems water cooled combustion chamber sec t ions  
were assembled i n  bui lding block fashion, and f o u r  chamber sec t ions  were used, 
thus providing a t o t a l  L* of about 64 inches.  
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During preliminary performance evaluation, t he  Astrosystems propel- 
l a n t  i n j e c t o r  burned out .  A new, interim, water cooled, s i n g l e  t r i p l e t  i n j e c t o r  
was made which had two hydrogen streams impinging on a c e n t e r  oxygen stream. This 
i n j e c t o r  d i d  not overheat and it gave good performance. However, it produced un- 
even heat ing i n  uncooled s t e e l  nozzles during s h o r t  t r a n s i e n t  runs. A copper in-  
j e c t o r  design which had been success fu l  on ear l ier  Marquardt programs w a s  then 
f ab r i ca t ed .  The copper i n j e c t o r ,  shown i n  Figure 67, i s  cooled by t h e  p rope l l an t  
gases and it gives good performance. However, a hot s t r e a k  d i d  occur due t o  a 
poor oxygen i n l e t  manifold design. The copper i n j e c t o r  was used f o r  t h e  t es t  pro- 
gram however, due t o  the  s h o r t  t i m e  remaining. 

A propel lant  f low diagram f o r  t h e  t e s t  s e t u p  is  shown i n  Figure 68. 
When i n e r t  gaseous f i l m  coolants  were used, t h e  f i l m  coolant flow w a s  l imi ted  t o  
about a one second lead before  i g n i t i o n  i n  order t o  avoid hard s tar ts .  The engine 
was mounted with t h e  a x i s  i n  the  ho r i zon ta l  plane (See Figure 69) hung on two f l e x -  
ures. 
cool ing l i n e s ,  e t c .  The e f f e c t  of f i l m  cool ing on t h r u s t  e f f i c i e n c y  w a s  i nd ica t ed  
by the  following r e l a t i o n s h i p :  

Thrust  measurement required c a l i b r a t i o n  t o  e l imina te  t h e  e f f e c t s  of water 

where 

(Isp) tes t  

(Isp) the0  = Theoret ical  Isp a t  measured chamber pressure 

= Actual Isp based on measured t h r u s t  and t o t a l  of 
coolant and propel lant  flow rates 

assuming t o t a l  t es t  flow is 02/H2 a t  O/F = 5 * 0  

A curve of t h e o r e t i c a l  Isp versus chamber pressure i s  given i n  
Figure 70. 

The above d e f i n i t i o n  of Isp e f f i c i e n c y  obviously is  not adequate 
t o  p rec i se ly  p red ic t  f i l m  cool ing e f f e c t s  on l a r g e  expansion r a t i o  operat ion i n  

c i a t e d  wi th  f i l m  cooling. 
space, bu t  it is  u s e f u l  f o r  a quick approximation of t h e  t h r u s t  p e n a l t i e s  a, cso- 

C .  Description of Tests 

A t o t a l  of 59 tes t  runs were made during t h e  program. T e s t  d a t a  
f o r  t h e  most important runs are summarized i n  Table V I I .  
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During t h e  first 13 test runs, t h e  Astrosystems i n j e c t o r  burned out 
and w a s  replaced by a water cooled t r i p l e t  i n j ec to r ,  which w a s  found t o  cause hot 
s t r eaks .  A coat ing of Rokide Z had been put on t h e  water cooled combustion cham- 
b e r  s ec t ions  t o  t r y  t o  avoid a precooled boundary l aye r  a t  t h e  approach t o  t h e  
film cooled and uncooled nozzles.  No analysis  w a s  made of t h e  problem and it was 
not considered mandatory t o  avoid t h e  boundary l aye r  cool ing e f f e c t .  
planned t o  measure nozzle t h r o a t  surface temperature by a pyrometer d i r ec t ed  
through t h e  motor exhaust toward t h e  inside sur face  of t h e  t h r o a t .  This would 
have been poss ib le  f o r  t h e  test  nozzles which had an expansion r a t i o  of 1.3, s ince  
it w a s  thought t h a t  t h e  combustion products of 02/H2 would not i n t e r f e r e  with t h e  
pyrometer reading. However, t he  e a r l y  test runs showed t h a t  t h e  Rokide Z w a s  slaw- 
l y  f l a k i n g  off and produced a b r i g h t  orange flame which would prevent pyrometer 
readings.  Therefore, t h e  Rokide Z coating w a s  removed from t h e  chamber sec t ions  
p r i o r  t o  Run 14. 

It w a s  a l s o  

1. Uncooled GraDhite Nozzles 

Runs 1 4  through 19 were made with uncooled graphi te  nozzles.  
Three nozzles were made of ATJ graphi te  and t h r e e  were made of Graph-I-Tite G. 
One nozzle  of each type w a s  instrumented wi th  thermocouples as shown i n  Figure 71. 
The thermocouples were i n s t a l l e d  t o  provide a check on t h e  pyrometer readings of 
inner  w a l l  temperature a t  t h e  t h r o a t .  The purpose of t e s t i n g  t h e  g raph i t e  nozzles 
w a s  t o  determine t h e  rate of erosion in  t h e  t e s t  nozzle, t o  provide a base f o r  
comparison wi th  film cooled nozzles, and a l s o  t o  determine whether convergent 
port ions of later cooled designs could be made of t h e  molded graphi tes  o r  whether 
a more oxidat ion r e s i s t a n t  material might be required.  

The tests produced g rea t e r  erosion rates than had been expected, 
reaching about 4.0 mils/sec a f t e r  1 minute. 
i n  s e v e r a l  hot  spots  i n  t h e  convergent s ec t ion .  The eros ion  a t  t h e  th roa t  w a s  s o  
severe t h a t  t h e  thermocouples nearest  t h e  inner  w a l l  burned out wi th in  20 seconds 
and no f u r t h e r  attempt w a s  m a d e  t o  c o r r e l a t e  thermocouple data with pyrometer 
readings.  The tests of t h e  uncooled graphi te  nozzles showed t h a t  ne i the r  ATJ 
g raph i t e  nor  Graph-I-Tite G were su i t ab le  f o r  use i n  t h e  02/H2 motor. 

Espec ia l ly  severe e ros ion  occurred 

2. Film Cooled, Thick S t e e l  Nozzle 

Runs 20 through 23 were made with n i t rogen  and hydrogen f i l m  
cool ing of a s i n g l e  i n j e c t i o n  s l o t  s t e e l  nozzle (See Figure 72) 
was 0.15 inch t h i c k  and a coolant manifold w a s  located a t  t h e  nozzle entrance.  
The coolant  passed from t h e  coolant manifold through 50 holes  ( v i s i b l e  i n  t he  
photograph) and it then was in jec ted  r a d i a l l y  through a 0.040-inch s l o t  between 
t h e  nozzle s e c t i o n  and t h e  adjacent  water cooled chamber sec t ion ,  a t  a cont rac t ion  
r a t i o  of 5.38:l. The inner  contour of t h i s  and a l l  o ther  t e s t  nozzles w a s  as  
shown i n  Figure 5. A leak  i n  t h e  coolant system w a s  not discovered u n t i l  Run 23 
with gaseous hydrogen, during which escaping hydrogen caused a f i r e  around t h e  
t e6 t s t and. 

The nozzle w a l l  
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Run 24 was made with the  s i n g l e  s l o t  nozzle cooled with a hydro- 
gen coolant f low of 0.098 pps and a propel lant  f l o w  of 0.534 pps. 
s t e e l  nozzle surface occurred along ho t  spots  i n  t h e  cont rac t ion  region.  Tran- 
s i e n t  w a l l  temperatures and thermocouple locat ions on t h e  s tee l  nozzle are shown 
i n  Figure 73. The hot  spots  were ev ident ly  between t h e  thermocouples because the 
highest  recorded temperature w a s  only about 1100°F. The m e l t  pat terns  shown i n  
Figure 74 indicate  some unexplained hea t ing  p a t t e r n  causing melting a t  the  in jec-  
t i o n  s l o t  where the lowest w a l l  temperatures would be predicted.  Possible  explan- 
a t i o n s  include burning of excess oxygen, o r  delayed start  of f i l m  cool ing of about 
1.6 seconds. I n  any case,  no f u r t h e r  s i n g l e  s l o t  f i l m  cool ing with hydrogen was 
attempted during t h e  program i n  order  t o  assure  t h a t  t h e  t e s t  hardware would nut 
be burned out by a r e p e t i t i o n  of t h i s  unexplained phenomenon. It is i n t e r e s t i n g  
t o  note t h a t  the  Isp e f f i c i ency  during Run 24 was increased from 95 percent t o  
100 percent (See Figure 81), possibly due t o  burning of oxygen with t h e  hydrogen 
f i lm.  

Melting of t h e  

The copper i n j e c t o r  (Figure 67) became ava i l ab le  a f te r  Run 24, 
and Runs 24 t o  29 were shor t  runs with an  uncooled s t ee l  nozzle ( w a l l  th ickness  
of 0.15 inch) t o  determine t h e  hea t ing  rate d i s t r i b u t i o n  wi th  t h e  copper i n j e c t o r .  
The Is The nozzle was 
r o t a t e s  one b o l t  hole  after each run. The hea t ing  rate was found t o  be more uni- 
form than when using t h e  s i n g l e  t r i p l e t  i n j e c t o r ,  but  ho t  spo t s  s t i l l  ex is ted .  NO 
time remained f o r  i n j e c t o r  rework, s o  the  copper i n j e c t o r  w a s  used f o r  t h e  res t  
of t h e  tes t  program. 

e f f ic iency  during these  runs averaged about 94 percent .  

Runs 30 through 33 were made us ing  t h e  s i n g l e  s l o t  s t e e l  nozzle 
with helium f i l m  cooling, which was var ied  f o r  each run. 
t h r o a t  occurred during Run 33 with a helium flow rate of 0.06 pps. 
nozzle temperatures are tabula ted  i n  Table V I I I ,  and t h e  loca t ions  of t h e  thermo- 
couples are shown i n  Figure 75. 
hot  spot  ex is ted  near Thermocouple No. 6 a t  the  t h r o a t .  

Runs 34 through 39 were made with a t h i c k  (0.15-inch) w a l l  

Nozzle burn out a t  t h e  
The recorded 

It may be noted from the tabula ted  data t h a t  a 

s t e e l  nozzle cooled by t a n g e n t i a l  helium i n j e c t i o n  ( t h e  f i l m  i n j e c t i o n  sec t ion  
is shown i n  Figure 76) of about 0 .1  pps. The nozzle w a s  ro t a t ed  one b o l t  ho le  
a f t e r  Runs 35 through 37. 
ro t a t ed  180". The purpose of these' tests w a s  t o  obtain t h e  temperature d i s t r i b u -  
t i o n  with f i l m  cooling, and it w a s  concluded t h a t  t h e  uneven d i s t r i b u t i o n  w a s  due 
t o  t h e  main in j ec to r  r a t h e r  than  t o  the  f i lm cool ing i n j e c t o r .  

A f t e r  run 38 the  t a n g e n t i a l  f i l m  coolant i n j e c t o r  was 

3. Film Cooled, Thin S t e e l  Nozzle 

A t h i n  w a l l  (0.060-inch) 347 s t a i n l e s s  s t e e l  nozzle of t h e  &and# 
ard  t es t  nozzle contour w a s  used f o r  t h e  f i n a l  f i lm cool ing tests. 
w a s  oxidized t o  produce a coa t ing  with an estimated emiss iv i ty  of 0.9. The f i l m  
w a s  i n j ec t ed  t angen t i a l ly  a t  Cr = 5 . 3 8 : i t h r o u g h  t h e  f i l m  cool ing manifold shown 
i n  Figure 76. 

The sur face  
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Runs 43 and 44 were made using helium coolant a t  var ious flow 
rates. 
The recorded temperatures are tabula ted  i n  Table IX and t h e  loca t ions  of the therm- 
ocouples are shuwn i n  Figure 77. 

The s tee l  nozzle burned out during Run 44 using 0.0393 pps of helium f l a w .  

Again s e v e r a l  hot  spots  were evident .  

Methane w a s  used as a t a n g e n t i a l l y  in j ec t ed  f i l m  wi th  another  
t h i n  s teel  nozzle dur ing  Run %, using 0.209 pps of coolant .  
cool ing i n j e c t o r  burned out af ter  6 seconds because the water cool ing w a s  not 
turned on, bu t  some useful d a t a  were obtained. These are tabula ted  i n  Table IX. 

The t a n g e n t i a l  film 

4. Film Cooled Molybdenum Nozzle 

A molybdenum nozzle with a w a l l  th ickness  of 0.10 inch w a s  made 
The molybdenum w a s  coated w i t h  molybdenum using t h e  s tandard t e s t  nozzle contour. 

d i s i l i c i d e  by the Chromizing Corporation. 

Run 47 w a s  made with var ious amounts of helium cool ing using 
t a n g e n t i a l  i n j e c t i o n  (as shown i n  Figure 76) and t h e  m a x i m u m  temperature (near  the 
Thermocouple No. 2 loca t ion )  w a s  about 2900°F using a helium f l o w  rate of 0.0241 
pps. The maximum nozzle temperature as ind ica ted  by pyrometer readings after a 
co r rec t ion  f o r  an  emiss iv i ty  of 0.65 f o r  var ious coolant f l u w  rates is shown i n  
Table X. One combustion chamber sec t ion  burned out at t h e  cu tof f  point .  It is 
bel ieved t h a t  t h e  burnout w a s  caused by poor water d i s t r i b u t i o n  as a r e s u l t  of un- 
equal water discharge pressure.  The high engine performance, approaching 100 per- 
cent ,  may have been caused by addi t ion  of leaking water t o  t h e  combustion chamber 
through a gradual ly  enlarging burnout spot ,  al though t h i s  does not appear l i k e l y  
a f t e r  a d e t a i l e d  s tudy of a l l  tes t  data .  On the o ther  hand, t h e  very high perform- 
ance wi th  small helium f l o w  must be considered questionable.  

Two more Combustion chamber sec t ions  were burned out during t h e  
following run due t o  cool ing water d i s t r i b u t i o n  problems. 

5.  Uncooled Thin S t e e l  Nozzle 

An uncooled t h i n  s t e e l  nozzle w a s  t e s t e d  during Run 51 t o  obtain 
data on hea t ing  rates a t  var ious locat ions i n  t h e  nozzle which were then  used t o  
p red ic t  a r ad ia t ion  cooled s teady s t a t e  t e m p r a t u r e  of 3940°F a t  t h e  h o t t e s t  spot  
(Thermocouple No. 2 )  and an average nozzle temperature of 3740°F. 
t r a n s i e n t  temperature h i s t o r i e s  are shown i n  Figure 78. 

Some of the 

6 .  Summary of Radiation/Film CoQling Tes ts  

The v a r i a t i o n  of a n a l y t i c a l  and experimental nozzle temperatures 
w i t h  coolant  f low rate is p lo t t ed  i n  Figure 79 f o r  helium cooling and i n  Figure 80 
f o r  hydrogen cooling. It i s  seen t h a t  a l a r g e  decrease of equi l ibr ium nozzle t e m -  
pera tures  can be achieved by a r a t h e r  small amount of film cooling. However, the  
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limited f i l m  cooling d a t a  shown i n d i c a t e  t h a t  helium i s  about as good as hydrogen 
as a f i l m  coolant on an equal weight flow basis, i n s t ead  of being i n f e r i o r  by a 
3 : l w e i g h t  f l a w  r a t i o  as was predicted a n a l y t i c a l l y .  This aga in  raises t h e  pos- 
s i b i l i t y  of burning oxygen i n  the  hydrogen f i l m .  

The e f f e c t  on t h r u s t  of film cool ing wi th  H2, H e ,  and CH4 is 
summarized i n  Figure 81. 
l a r g e  loss i n  performance, whereas small amounts of helium can be used wi th  no 
loss of performance. I n  f a c t ,  some of t h e  data f o r  helium show an  increase above 
t h e  performance without cool ing.  
a v a i l a b l e  from Run 24, and it shows a r a t h e r  s u r p r i s i n g  r e s u l t  i n  t h a t  no loss i n  
Isp w a s  indicated.  

The data show t h a t  methane cool ing may incu r  a r a t h e r  

Only one data po in t  f o r  hydrogen cool ing is 

7 .  Film Cooled Graphite Nozzles 

Two Graph-I-Tite G nozzles of t h e  same design as those  tested 
ear l ie r  (Figure 71) were cooled by t a n g e n t i a l l y  i n j e c t e d  gaseous f i lm,  a t  t h e  
beginning of t he  5.38:1 contract ion.  

Runs 45 and 46 were made wi th  t h e  same nozzle using helium. The 
du ra t ion  of Run 45 was 60 seconds and no erosion w a s  evident .  
rate w a s  0.0449 pps. The dura t ion  of Run 46 w a s  143 seconds and t h e  helium f l o w  
rate w a s  0.0361 pps. The t h r o a t  e ros ion  is shown i n  Figure 82. 
formance data are shown i n  Figure 83. The temperature data f o r  Run 43 (F igure  84)  
show t h a t  t h e  t h r o a t  temperature w a s  only about 2000°F after 60 seconds. Steady 
s ta te  temperatures of about 3300'F a t  t h e  t h r o a t  were reached after about 100 sec- 
onds during Run 46. 
even at intermediate temperatures with i n e r t  f i l m  cooling. 

The helium f l o w  

The eros ion  per- 

The high erosion rate of Graph-I-Tite G is again evident ,  

The second Graph-I-Tite G nozzle  w a s  cooled wi th  about 0.021 pps 
of methane during Run 49 (60 seconds) and Run 50 (180 seconds).  
t h r o a t  e ros ion  was measured af ter  Run 49, bu t  severe l o c a l  e ros ion  was observed 
after Run 50 i n  t h e  ho t  spo t s  and zero erosion w a s  measured i n  o the r  p a r t s  of t h e  
nozzle where t h e  f i l m  d i d  not break down (See Figure 85). 

Only s l i g h t  

Methane is c l e a r l y  supe r io r  t o  helium i n  reducing g raph i t e  ero- 
s ion ,  s ince  t h e  e ros ion  dur ing  Run 50 was less than dur ing  Run 46, although the  
methane flow r a t e  was only about 60 percent of t h e  helium f l o w  rate, and t h e  run 
t i m e  wi th  methane w a s  180 seconds, as compared t o  only 143 seconds wi th  helium. 
However, the  loss i n  s p e c i f i c  impulse is much g r e a t e r  wi th  methane, as shown i n  
Figure 81. 

8. S ing le  S l o t  Cooling of Pyro ly t i c  Graphite Nozzles 

An edge or iented py ro ly t i c  g raph i t e  nozzle (shown i n  Figure 63) 
w a s  t e a t e d  wi th  i n j e c t i o n  of methane through s l o t s  machined on one f ace  of one 
py ro ly t i c  g raph i t e  d i s k  a t  S l o t  3 ,  about 3/8 inch upstream from t h e  t h r o a t .  The 
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single s l o t  w a s  a somewhat d i f f e r e n t  design from t h a t  used f o r  t he  l a t e r  mu l t i s lo t  
tests. 
t h a t  h a l f  of t h e  nozz le  t h r o a t  w a s  cooled and t h e  opposite ha l f  w a s  uncooled. The 
i n i t i a l  methane flow dur ing  Run 40 s t a r t e d  a t  a rate of 0.00864 pps and gradual ly  
decreased t o  0.003 pps a f t e r  60 seconds, due probably t o  clogging of t h e  s i n g l e  
s l o t  i n l e t  by pyro lys i s  of methane i n  t h e  coolant manifold- There w a s  zero erosion 
i n  t h e  cooled side of t h e  th roa t  and slight erosion on t h e  uncooled side near  one 
of t h e  ho t  spots  after Run 40. 
d i s rupted  the  exhaust expansion and caused anomalous t h r u s t  readings.  

It extended continuously around ha l f  t h e  circumference of t h e  nozzle, S O  

The s t e e l  r e t a i n i n g  r i n g  of t h e  mul t i s lo t  design 

The s i n g l e  s l o t  cooled nozzle w a s  again t e s t e d  during Run 42, 
withmethanecoolant  flow varying from 0.00475 pps a t  the  s tar t  t o  0.00133 pps a t  
t h e  end of t h e  168 second run. Again, the  decreased flow w a s  due t o  s l o t  r e s t r i c -  
t i o n .  S l i g h t  amounts of methane seeped between the  forward pyro ly t ic  graphi te  
d i s k s  dur ing  these  runs and resu l ted  i n  what appeared t o  be depos i t s  of py ro ly t i c  
graphi te  on t h e  cont rac t ion  region of t h e  nozzle as shown i n  Figure 86. 
s ion  occurred on t h e  upper ha l f ' o f  t h e  nozzle which w a s  film cooled. However, 
no t iceable  erosion occurred on t h e  uncooled h a l f .  

No ero- 

Run 4 1 w a s  made t o  confirm t h a t  t h e  very low t h r u s t  during t h e  
previous test  of t h e  mul t i s lo t  nozzle w a s  due t o  t h e  e f f e c t  of t h e  spr ing  loaded 
backup r i n g  which d is rupted  the  gas. expansion, r a t h e r  than t o  any coolant  e f f e c t .  
However, it is not thought t h a t  t he  performance e f f e c t  of coolants  i n  t h e  multi-  
s l o t  nozzle i s  c o r r e c t l y  assessed even by comparison with t h e  uncooled performance 
from Run 41. 

9. Mul t i s lo t  Cooled Pyrolyt ic  Graphite Nozzle 

a. Methane Cooling 

A mul t i s lo t  pyro ly t ic  graphi te  nozzle (shown i n  Figure 63) 
w a s  t e s t e d  using 0.0209 pps of methane cooling in j ec t ed  through a l l  of t h e  s l o t s  
(no  s l o t s  at 7 and 8) .  Run 52 w a s  terminated a f t e r  15 seconds because of inade- 
quate hydrogen propel lan t  flow. Run 53 w a s  180 seconds i n  dura t ion .  Only a 
s l i g h t  amount of l oca l i zed  e ros ion  w a s  observed a t  t h e  nozzle i n l e t .  There w a s  
no e ros ion  a t  t h e  t h r o a t .  The cont rac t ion  region had carbon depos i t s  on it which 
appeared t o  be  pyro ly t ic  graphi te  as shown i n  F igure  87. Much less clogging of 
t he  s l o t s  by carbon occurred during R u n  53 than had occurred during t h e  s i n g l e  
s l o t  Runs 40 and 42, ind ica t ing  t h a t  clogging of t h e  coolant s l o t s  can probably 
be cont ro l led  by minimizing the  s t a y  time of t h e  methane i n  t h e  coolant manifold. 

b .  Hydrogen Cooling 

A second mul t i s lo t  pyro ly t ic  graphi te  nozzle w a s  t e s t e d  
dur ing  R u n  56 f o r  170 seconds with a hydrogen cool ing f l e w  rate of 0.00633 pps, 
which i s  only 1.18 percent of propel lant  flow. 
the  nozzle looked as though it had not been t e s t e d  a t  a l l .  The t h r e a t  diameter 
a f t e r  t h e  run w a s  zeasured as 1.240 inches, i nd ica t ing  a decrease from t h e  or iginal  
1.248 nominal diameter, possible  due t o  annealing e f f e c t s  on t h e  pyro ly t ic  graphite 

No erosion w a s  evident  and i n  f a c t  
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C .  Carbon Monoxide Cooling 

The same m u l t i s l o t  py ro ly t i c  g r a p h i t e  nozzle t h a t  had been 
t e s t e d  wi th  hydrogen cooling ( R u n  56)  was la te r  t e s t e d  f o r  270 seconds using 
0.0211 pps of carbon monoxide as coolant .  The t h r o a t  erosion w a s  0.006 inch. The 
con t r ac t ion  region had a polished su r face  (See Figure 88) which w a s  perhaps due 
t o  flame pol ishing or ,  less probably, depos i t ion  of carbon. However, t h e  appear- 
ance of t h e  surface was different  than t h e  s u r f a c e  after cool ing with CH4.  

10. Transpirat ion Cooled Porous Graphite Nozzle I n s e r t  

One t e s t  was made using 0.00029 pps of helium t r a n s p i r i n g  
through a nozzle i n s e r t  of Spear 3499s porous graphi te .  
than s u f f i c i e n t  t o  coo l  t h e  i n s i d e  g raph i t e  surface t o  3000°F according t o  t h e  
t h e o r e t i c a l  ana lys i s  of thermochemical erosion.  The nozzle t h r o a t  i n s e r t  replaced 
t h r e e  of t h e  pyrolyt ic  g raph i t e  d i sks ,  centered about t h e  t h r o a t ,  and t h e  i n s e r t  
radial thickness w a s  about 0.3 inch. 
i n s e r t  had eroded w e l l  belaw t h e  adjacent  uncooled py ro ly t i c  g raph i t e  d i s k s ,  show- 
ing  t h a t  t h e  inhe ren t ly  poor oxidation r e s i s t a n c e  of t he  porous g raph i t e  more than 
o f f s e t  t h e  helium cooling. It was concluded t h a t  i n  nozzles i n  which t h e  e ros ion  
is limited by surface r eac t ion  rates, it is  very  important t o  use p y r o l y t i c  graph- 
i t e  r a t h e r  than commercial graphi tes ,  and t h a t  t h e  d i f f e r e n c e  between t h e  two 
graphi tes  cannot e a s i l y  be overcome by f i l m  o r  t r a n s p i r a t i o n  cooling. 

This f l a w  rate w a s  more 

A t  t he  end of t h e  67 second run, the porous 
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V. CONCLUSIONS AND RECOMMENDATIONS 

A most promising thrust chamber cooling concept f o r  rocket engines 
using high energy propel lan ts  is t h e  use of m u l t i s l o t  f i l m  cooled pyro ly t ic  graph- 
i t e .  This concept, which can approach pure t r a n s p i r a t i o n  cooling i n  e f f ic iency ,  
a l s o  takes advantage of a l l  of t h e  high temperature c a p a b i l i t y  of the pyro ly t ic  
materials. 

The a n a l y t i c a l  chemical erosion s tud ie s  have revealed s e v e r a l  im- 
por tant  thermodynamic concepts which should a f f e c t  a l l  fu tu re  analyses of t he  
performance of r e f r a c t o r y  materials i n  a rocket engine combustion environment. 
These include: (1) the  f a c t  t h a t  chemical erosion r a t e s  f o r  many cases  are con- 
t r o l l e d  by the k i n e t i c s  of the  reac t icns  involved, ( 2 )  t h e  f a c t  that  r e a c t i v e  com- 
bust ion gas species  concentrations a t  t h e  nozzle w a l l  a r e  not a l t e r e d  g r e a t l y  by 
t h e  introduct ion of i n e r t  coolants i n  amounts required f o r  cooling, and ( 3 )  a fav- 
orable  chemical environment at t h e  w a l l  can be maintained Over carbon by the  i n t r o ,  
duct ion of a hydrocarbon gas such as methane. 

The most e f f e c t i v e  gaseous f i l m  coolant i s  hydrogen followed by 
helium and t h e  o ther  gases approximately i n  order of t h e i r  molecular weight. 

Analy t ica l  and experimental s i l i ca-phenol ic  ab la t ion  s tud ie s  have 
provided evidence tha t  i n t e r n a l  endothermic chemical react ions between s i l i c a  and 
carbon may w e l l  c o n t r o l  t he  a b l a t i o n  performance of t h i s  type of m a t e r i a l  i n  a 
l iqldfi  reelrot tb,rl-t Ch"mhey- 

An a n a l y t i c a l  technique f o r  optimizing the  design of rocket nozzle 
heat  sink geometries has been developed. 

The a n a l y t i c a l  chemical erosion program developed under th i s  con- 
t r a c t  has provided a r a t i o n a l  approach t o  further s tud ie s  of the performance of 
cooled and uncooled r e f r a c t o r y  mater ia ls  i n  the  rocket combustion environment. 

Based on the  r e s u l t s  of this program, it is recommended tha t  the  
thermochemical erosion s tud ie s  be extended t o  include new nozzle materials, addi- 
t i o n a l  combustion product species,  and t h e  e f f e c t s  of t r a n s i e n t  heat conduction. 
Studies  should a l s o  be undertaken t o  provide a d d i t i o n a l  reac t ion  k i n e t i c s  data, 
e s p e c i a l l y  f o r  the high energy propellant systems which include f luo r ine .  

Theore t ica l  and experimental s tud ie s  should be  pursued t o  apply 
these  advanced cool ing concepts and mater ia ls  t o  t h e  more severe,  higher  t e m -  
pera ture  rocket systems i n  order t o  evaluate the design problems associated w i t h  
using new propel lants  f o r  long runs, w i t h  t h r o t t l i n g ,  o r  f o r  i n t e r m i t t e n t  opera- 
t i on .  

- 
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TABI;E I 

COOLANTS INERT TO GRAPKITE AT 6 0 0 0 " ~  AND 100 p i a  

(Reactant Products < 1% Mole Fract ion)  

Coolant Major Compounds Formed wi th  Graphite 

N2 

co 

'3 '2 

co C12 
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TABLE I1 

COOLANTS WHICH DECOMPOSE OR REACT WITH GRAPHITE AT 6 0 0 0 ’ ~  AND 100 psfa  

Coolant 

HC 1 

HF 

H I  

H2 

cs2 

C2H2 

CH4 

CF4 

H20 * 

Temperature a t  Which 
Products Exceed l$ 

( O R )  

5800 

5160 

5000 

Almost a l l  

2600 

5200 

3500, 

2600 

-- 

* Not cryogenically s torab le  

Ma j or Compounds 
Formed with Graphite 
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TABLE V 

Thermal Conductivity, k 
(Btu/hr f t ° F )  

40. 

140. 
60. 

24.2 

EVALUATION OF HEAT SINK C A P A B I L ~  OF MATERIALS FOR NOZZLE INSERT 
W I T H  INNER RADIUS ( ri) OF 0.345 inches 

AND HEAT TRANSFER COEFFICIENT ( h )  O F  800 Btu/ft2 hr"F 
AT THE INNER SURFACE 

Thermal D i f f u s i v i t y , d  h ri - 
( f t2 /h r )  k 

1 * 039 0.575 

2.555 0 164 
1 547 0 -383 
0.2682 0.93 

Material 

Graphite 
Pyro ly t ic  Graphite 

~ 

Graphit e 

Pyro ly t i c  Graphite 
Tungsten 

B e r y l l i a  

(seconds) 

4.6 13 -7  
20.3 24. 

Mater ia l  O(t/ri2 t Optimum Re 
(seconds) 

Graphit e 10. 29. Approximately 10. 

Pyro ly t ic  Graphite 195 * 227 a Greater  than  10. 

Tungs t e n  42. 81. Greater than 10. 

Bery l l i a  1-75 19.4 4.  
c 

Time ( t )  f o r  inner  sur face  t o  reach - 

- - -  1'185 (From Figure 3) = 3 . 4 4  Ex te r io r  rad ius  
0.345 With Re = Inner  rad ius  

Tungsten I Bery l l i a  
8. 
1 -7  18.9 I 

(T, -To) 
(Tg-To) 

Time f o r  inner  sur face  t o  reach = 0 . 5  

With optimum Re or R e  = 10 if optimum not reached 

z 1 
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h ri 

TABLE V I  

4 t  
7 rJ 

EVALUATION OF HEAT SINK CAPABILITY OF MAWRIALS FOR NOZZLF: 

AND HEAT TRANSFER COEFFICIENT ( h )  OF 800 Btu/f t2  hr"F 
WITH INNER RADIUS ( r i )  OF 2 inches 

AT THE INNER SURFACE 

(Ts-To) 
= O . 5  T i m e  ( t )  f o r  inner  sur face  t o  reach 
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R W  
No. 

47a 

47b 

47 c 

47d 

47e 

TABLE X 

Maximum Nozzle Helium 
Temperature Flow Rate 

(OF) ( PP5 1 
2210 0.039 

2385 0.0345 

2555 0.0293 

2780 0.0267 

2905 0.0241 

NOZZLF: TENPEBA'IIITRES FOR RUN 47 
HELIUM COOLED MOLYBDENUM NOZZLE 

TEMPERA"FE NEAR THROAT, PYROMETER REXORDED 
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MODEL FOR THERMOCHEMICAL EROSION ANALYSIS 

COMBUSTION GAS FU)d (G & P) 
____IC - 9 

MASS TRANSFER CONVECTIVE HEAT MASS TRANSFER 

TRANSFER I N T O  

ASSUMPTIONS: 

1 .  MATERIAL I S  UNIFORMLY POROUS GRAPHITE WALL 

2.  A L L  CHEMICAL REACTIONS OCCUR A T  GAS-SOLID INTERFACE 

3 .  CONDUCTION HEAT TRANSFER I S  ZERO OR CONSTANT VALUE 
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HEAT FLUX TO NOZZLE THROAT WITH HIGH PERFQRMANCE 
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HEAT FLUX TO NOZZLE THROAT WITH 
HIGH PERF'JRMbNCE LIQUID PROPELLANTS 

200 

100 

10 

1 .o 

0.20 
0 1000 2000 3000 4000 5000 6000 7000 

WALL TEMPERATURE - OF 

278-17 UNCLASSIFIED - 85 - FIGURE 3 



REPORT 6069 
/zaV"&ildt mr*m 

V A N  NUYS, CALlfORNlA UNCLASS I F E ED 

FLOW DIAGRAM FOR THERMOCHEMlCAL EROSION ANALYSIS 

pX-1 VALUES 

I 

I ISET Tw=Tw + 2(Tw, - 

= 
hTq + GcL(Tp)cTc - rlAnl - QAHz - rjAH3- Pk 

h + ( t 4 q c  
I 

L FINO PkFOR Tw 

OCVE THE FOLLOWING GROUP OF EQUATIONS 

OR SIMULTANEOUS SOLUTIONS 

~~ ~ - 86 - -157 UNCLAS S I F I ED FIGURE 4 



e-T 6069 UNCLASS I F I ED V A N  NUYS. CALIFORNIA 

\. 
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EROSION RATE PROFILE FOR AN UNCOOLED 
PYROLYTIC GRAPHITE NOZZLE 

P- = 100 psia 

9000 

8000 

700C 

600( 

500( 

400 

6 .O 

4 .O 

2.0 

I 
4 2 0 2 4 

A/A, EXPANSION - 6 



0 
-4 

3 

rl 

0 
9 

rl 
0 

0 
9 

m 
0 
0 
9 

1 0  

0 

9 
d 

9 9 
N 03 

0 0 0 0 9  
9 
4 rl 

0 0 0 
0 0 0 
9 d N 

llo - 38fl l V 8 3 d W 3 1 l l V M  mS/Sl!W - 31V8 NOISOtl3 

0 

0 
-! 

m 
N 

N 
'" 

4 0' 
9 i =  
o a  z 

s 
-I 
LL 
t- z 
-I 
-I 
W 

0 
e 
\ 
I- z 

0 
0 
0 

a 

a 

a 

4 

rl 
0 

0 
9 

m 
0 
0 
9 

1 0  

0 

278-71 UNCLASS 1 FYED - 93 - FIGiuJE 11 



REPORT 6069 
a a f 7 " a f d . f  c[IRpIyuTP.W 

V A N  NUYS, CAllfORNlA UNCLASS I F l  ED 

0 
0 
0 
9 

0 0 
0 
0 
(v 

0 
0 
0 
rr 

tl, - 3UnlVtl3dW31llVM 

3 
-i 

3 

r( 

0 
9 

d 
0 

0 
9 

m 
0 
0 
9 

b o  

0 
9 
0 
w 

0 

0 

FIGURF: 12 
___ ~~ 

278-72 UNCLASSIFIED - 94 - 



6CC3 awnxvnm 
V A N  NUYS, CALlfOlNIA REPORT 

M a q u a d t  
UNCLASS IFi ED 

c3 
z - 
--I 
0 
0 
u 
w 
d 
N 
N 
0 
2 
z 
0 

N 

m 
LL 
0 
t- 
o 
W 
LL 
u- 
w 

w 

- 

0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
b 9 ul w (c\ 

0 
0 
0 cv 

0 0 
0 
0 
rl 

9 
rl 

0 
4 

0 

t-i 

0 
9 

rl 
D 

O 
9 

m 
0 
0 

b 0  

0 

9 

m 
N 

N 
t 
0' 
a 
3 

- 
I- 

LIC: 

0 
-I 
LL 

!i 
55 
-I 
w 
0 
tY a 
\ 
I- 

a. 

: 
0 
0 
V 

278-79 UNCLPSSlFlED - 95 - FIGURE 13 



lJNCLASS I F I  ED V A N  NUYS, CALIFORNIA 

I- z 

0 
0 
u 
I 

4 

N 

m' .- 
v) 
Q 

0 
0 
rl 

II 

no .. 
c .- 
In 
N 

rl 

II 
c n 

0 0 
0 0 
0 0 
9 '0 

t l ,  - 311fllV113dW3 

9 
rl 

0 

0 
? 

rl 

0 
9 

rl 
0 

0 
9 

m 
0 
9 

b o  

0 
0 0 
0 
0 
N 

Ti VM 

9 
rl 

0 
rl 

0 

rl 

0 
9 

rl 
0 

0 
9 

m 
0 

0 
9 

1 

0 

- 96 - FIGURE 14 



W 

v1 z 

X 
3 
W 

a 
I 
0 

oc 
0 
9 
(r m 
II 

I- 

z 

0 
0 
0 

I 

0 

0, 

C- 
4 

N 

m' .- 
ul 
Q 

0 
0 
r( 

It 

no .. 
S .- 
m 
N. 
4 
II 
5: 

0 

0 
0 m co a 

0 

0 
--! 

r( 

9 
0 

m 
N 

N 
I 

I- z 
d 4  
O J  
9 w  o n  

0 oc 
\ 
a 

0 
0 
0 

. .  
0 
0 
9 
0 

n 
0 
0 
0 

C x  

0 



I- z 
.J 
0 
0 
0 

I 

a 

N 

2 
0 
0 
9 m 
CO 
I1 

I- 
m 

.- m' 
v) 
Q 

0 
0 
rl 

I 1  

no 

.. 
8 

9 
I 1  
% 

0 

.- 

.. 
0 
0 
v) 
CO n 

0 0 0 
0 0 0 
0 0 0 
9 d N 

a,, - 3t in lVWdW31l lVM 

0 
4 

3 

rl 

0 
9 

rl 
0 

0 
9 

rl 
0 
0 

0 
9 

m 
0 
0 
0 
9 
'0 
0 

0 

0 

9 0 
N 

278-80 UNCLASS IF1 ED - 98 - FIGURE 16 



8 
P c 

6069 LWmmAmw 
V A N  NUYS, CALIFORNIA w o a T  
M a q u a d f  

UNCLASS I FlED 
VARIATION OF GRAPHITE NOZZLE EROSION RATE 

FOR SEVERAL COOLING GASES 
P8500 D, = 1.25 in .; Po = 100 psia; THROAT 

10 

1.0 

0.10 

0.01 

0.001 

0.0001 
2000 3000 4000 5000 6000 7000 

WALL TEMPERATURE - O R  

278-73 UNCLASSIFIED - 99 - FIGURE 17 - 



mmrw 6069 REPORT 

M a r y u a r d .  
V A N  NUYS, CALIFORNIA UNCLASS I FI  ED 

GASEOUS SPECIES AT GRAPHITE NOZZLE SURFACE 

P8500; 

1 .o 

0.1c 

0 .o 

HEAT SINK (NO F I L M  COOLING) 
D, = 1.25 in.; Po = 100 psis; THROAT 

3000 4000 5000 6000 7000 

WALL TEMPERATURE - O R  

FIGURE 18 278-76 UNCLASS I FI  ED - 100 - 
~~ ~ ~ _ _ _ _ _ _  ~ 

~ 



2 r y u a d t  V A N  NUYS. CALIFORNIA awc[yoArmv 
e?@ UNCLASS I FI ED 

GASEOUS SPEC I ES AT GRAPHITE NOZZLE SURFACE 
GASEOUS WATER TRANS P 1 R AT I ON COOL I NG 

P8500 ; 

1 .o 

0.10 

0.01 

D,= 1.25 in.; Po = 100 psia ; THROAT 

3000 4000 5000 6000 7000 

WALL TEMPERATURE - O R  

278-133 UNCLASS I FI  ED - 101 - FIEL’RE 19 



mmrm 6069 Maryuard f  V A N  NUYS, CALIIORNIA REPORT 
UNCLAS S I F I  F l l  

GASEOUS SPECIES AT GRAPHITE NOZZLE SURFACE 
HYDROGEN TRANSP I RATION COOL1 NG 

P8500 D*= 1.25 in.., Po = 100 psia ; THROAT 

1 .o 

0.10 

0.01 
3000 4000 5000 60 00 

WALL TEMPERATURE - O R  

7000 



E 
P u 

6069 imRxamw UNCLASSIFIED VAN NUYS, CALlFOlNU REPORT 

2f%aquadt 

GASEOUS SPECIES AT GRAPHITE NOZZLE SURFACE 
HEL I UM TRANS P I R AT I ON COOL I NG 

P8500 ; D*= 1.25 in.) Po= 100 psia; THROAT 

1 .o 

0.10 

0.01 

7 7- 

\ 
He 

/ 

2000 3000 4000 5000 6000 7000 

WALL TEMPERATURE - O R  

- 103 - FIGURE 21 278-74 UNCLASSIFIED 



OaRPORATlON 6069 RL?ORT 

H a r y u a r d t  
V A N  NUYS, CALIFORNIA UNCLAS5IFIED 

GASEOUS SPECIES AT GRAPHITE NOZZLE SURFACE 
M f l H A N E  TRANS P I RAT I ON COOL I NG 

P8500 D* = 1.25 in.; Po = 100 psia; THROAT 

1 .o 

0.1c 

0.0: 
3000 4000 5000 6000 

WALL TEMPERATURE - O R  

7000 

FI ED - 104 - FIGURE 22 



UNCI ASSJ FI FD 
- 6069 rtron 

%ry"adt 
VAN NUYS. CALlfOlNlA 

EROSION RATE vs. REACTION RATE 
HEAT SINK (NO F I L M  COOLING) 

P8500, D,= 1.25 in.; Po = 100 psia; THROAT; 

40 

20 

10 

1 .o 

0.10 

0.01 
2000 3000 4000 5000 6000 

WALL TEMPERATURE - O R  

7000 

278-134 UNCLASSIFIED - 105 - FIGURF: 23 



RLPORT 6ooy 
M a r y u a r i t  CORPORATNlN 

V A N  NUYS, CALIFORNIA UNCLASSIFIED 

0 
rl 

0 

r l A  
0 

0 

- 106 - FIGURE 24 278-135 UNCLASSIFIED 



6069 - 
V A N  NUYS, CALlfORNlA rtron 

a L q " a K j f  
UNCLASS I FI  ED 

0 
0 
0 

0 
d 

. 

0 
O f f :  

3 
d 

O P  
t- 
J 

W 
I- 

z 
0 

g $  
A t Y  

0 
d 

11VM 1 W  SNOIl3WLIJ 37OW 

278-136 UNCLASSIFIED ~~ ~ - 107 - FIGURE 25 



CaRPaRATlON Gob9 M a r y u a r d .  V A N  NUYS, CALIFORNIA RLCOUT UNCLASSIFIED 

0 
rl 

0 

11WM 1 V  SN0113VtlA 310vU 

I > 
I 

3 
9 
3 
3 
-I 

. 

3 
3 
3 
-4 

3 
3 
-4 

0 
4 

9 
4 

4 

0 
9 

278-137 UNCLIPSSIJIED - 108 - FIGURE 26 



1 - RLCORT 6369 
Z 2 i y . r  - 

NCLASS I F l  ED V A N  NUYS, CALIFORNIA 

m 
3 
4 

3 
3 
3 
3 + 
c 

3 
3 
3 
4 

3 
0 
4 

3 

0 
?-I 

- log - FIGURE '27 278-138 UNCLASSIFIED 



OaRPaRATlon 6069 ,Maryuardj V A N  NUYS, CALIFORNIA RL?ORt UNCLASS I FI  ED 

10 

1 .o 

0.10 

0.01 

0.001 

EROSION RATE vs. MASS TRANSFER RATE 
HEAT SINK (NO FILM COOLING) 

P8500) D*= 1.25 in.; Po = 100 psiat  THROAT 

I - I I__ 

3000 4000 5000 6000 7000 

WALL TEMPERATURE - O R  



RLIORT 6’4’ 
/z%ryuadt  lXX#WMTULv 

V A N  NUYS, CAllFORNIA UNCLASS I F I ED 

THERMAL ANALYZER C I  RCUIT FOR TRANSIENT TEMPERATURE ANALYSIS 
OF NASA EXPERIMENTAL SILICA-PHENOLIC NOZZLES 

THERMAL CONDUCTIVITY = 3.0 Btu-in./hr f t2  O F  

SPECIFIC HEAT = 0.3 Btu/lb O F  

DENSITY = 0.0625 Ib/cu in.  

278-9 2 UNCLASS I F I ED - 111 - FIGURE 29 



E 
P 
c 

w 
-4 
N 
N 
0 z 
0 

o c  
- -4a 
Z Q  

I 

9 
rl 

09 
0 

9 
0 

b. 
0 

N 

0 

0 

v! 
d 

1 

9 
d 

09 
0 

9 
0 

b. 
0 

N 

0 

0 

- 112 - FIGURE 30 278-95 UNCLASS I F I  ED 



UNC LASSIFIFD 
ayBpawlw 6069 

I E m f  

M a q u a d /  
V A N  NUYS, CALITORMA 

'? 

b 
9 

4 

rl 

? 
0 

9 
0 

b. 
0 

N. 
0 

3 



OaRPDRATHm 6069 UNCLASS I F I ED MaFyuardf V A N  NUYS, CALlFOlNlA RE?ORT 

w 

0 
0 
9 
rl 

0 
0 
U 
rl 

0 
0 
N 
rl 

0 
0 
0 
rl 

0 0  

-q-- ln 

0 -!t \o 

T 
0 
0 co 

0 
0 
9 

0 0 0 
0 
N 

0 
U 

0 0 0 0 0 0 0 
0 0 0 0 0 0 

0 9 N co U 
N rl 4 

U 
N 

A ,  '3klnlVkl3ddvu31 

L? 
4 

1 

9 
rl 

Do. 
0 

9 
0 

9; 
0 

N 

0 

0 

278-96 UNCLASS I F I  ED - 114 - FIGURE 32 



e 
P 
* 
U 

I 

I 

NCLASS 

w 
i4 
9 
N 

rl rl rl l-l 

0 0 
0 0 
9 Tr 
rl 4 

278-97 UNCLASS I t I t 

0 
0 
0 
r( 

0 
0 co 

v! 
l-4 

b 

9 
rl 

09 
0 

9 

0 

Y 
0 

N 

0 

0 

v! 
rl 

b 
9 
rl 

co 
0 

9 
0 

b. 
0 

(v 

0 

0 
0 
0 
Tr 

0 
0 
(v 

0 



6069 M a r y a r d t  V A N  NUYS, CALIFORNIA OaRWTIOn RE?ORT UNCLASSIFIED 

E 
2 
c 

278-93 UNCLASS I FI ED - 116 - FIGURE 34 



8 
E 
U 

@€PORT 6069 
X q u a d .  aamrawrrrv 

VAN NUYS, CALIFORNIA UNCLASS I FI ED 

l 
I I 

o m  
O N  3 I N 3  c 

. 
tz e 
-I 
a. 

( 0 -  .- .. 
" W  n u  z o w  ocz - w  

L 
.-" 2 
A .!? 
Y 1  
h 

N V I  

I 
N O  z m  

3-n 

m 
VI 
.- 
n 
0 
3 

0 

9 
- 9 

rl 

.. 

a 

0 
3 
3 
d 

3 
3 
3 
--I 

3 
3 
-4 

0 
d 

278-154 UMCLASS IFlED - 117 - FIGURE 55  



UNCLASSIFIED - 118 - 



OlwRyWMv 6069 
REPORT 

M a q u a d /  
V A N  NUYS, CALIFORNIA UNCLASSIFIED 



6069 REPORT 

M a r g u a r d t  MRpaaATloN 

V A N  NUYS. CALIFORNIA UNCLASSlFPED 

DISSOCIATION AND VAPORIZATION OF SILICA 

TEMPERATURE - "F 

TEMPERATURE - " C  

io 3000 

000 

00 

0 
.8 
*4 

* 2  

1.1 

1.01 

F 

2 

E 
E 
I 

3 
VI 
m 
w 
E 

-I 
a 
a G 

1.001 ? 

10-4 

10-5 

10-6 

10 

278-18 UNCLASSIFIED - 129 - FIGUFiE 38 



UmamrKW 6 6 9  
REPOI1 

M a r y u a d i  
VAN NUYS, CALIFORNIA UNCLASSIFIED 

SILICA-CARBON CHEMICAL EQUILIBRIA AS A FUNCTION OF TEMPERATURE 
AT A PRESSURE OF 5 P S l A  

Y, 
I- 
O 
3 

p: 

2 

I- 

8 
n 

0 

s 
p: 
LL 
0 
W 
a 
I- z 
W 
0 
IY 
W 

W 
-I 
0 
I 

a 

a 

100 

10 

1 .o 

0.1 

I N I T I A L  COMPOSITION: 15% C; 82$ S i O z ,  3$ i N E R T  W T E R I A L  

I , 

2000 25 00 3000 3500 4000 4500 5000 

TEMPERATURE - OF 

278-23 UNCLASS I FI ED - 121 - FIGUFE 39 



rl 

E 
0 
k 
k 

m 
a, 
rl a 

E 

k 

UNCLASS W E D  - 122 - 



8 
E 
U 

6069 &xnmamv 
VAN NUYS, CALIFORNIA R L K X T  

M a f i i u a d f  
UNCLASS W E D  

SILICA-CARBON CHEMICAL EQUILIBRIA AS A FUNCTION OF TEMPERATURE 
AT A PRESSURE OF 100 PSlA 

100 

10 

1 .o 

0.1 
2000 2500 3000 3500 4000 4500 5000 

TEMPERATURE - O F  



RCIORT 6069 
M a r i u a r i f  aylpoRATHw 

V A N  NUYS, CALlfORNlA UNCLASS I F I  ED 

SILICA-CARBON CHEMICAL EQUILIBRIA AS A FUNCTION OF TEMPERATURE 
AT A PRESSURE OF 200 P S l A  

m 
I- o 
=> 
0 er 
0. 
z 
0 

o 

er 
LL 
0 
W 
cl 
I- z w 
0 
E 
W 

W 
J 
0 
H 

n 

F 

3 

a 

a 

100 

10 

1 .c 

0.: 
1 

I I I 1 I - I N I T I A L  COMPOSITION: 15% C ,  82$ SIO,, 346 INERT MATERIAL 

2500 3000 3500 4000 4500 5000 

TEMPERATURE - "F 

278-25 UNCLASSIFIED - 124 - FIGURE 42 



CmRmMmN GpCg 
REPORT 

Maryuardf 
V A N  NUYS, CALIFORNIA UNCLASSIFIED 

SILICA-CARBON CHEMICAL EQUILIBRIA AS A FUNCTION OF TEMPERATURE 
AT A PRESSURE OF 10-3 mm tig 

100 

10 

1 .o 

0.1 
2000 2500 3000 3500 4000 4500 5000 

TEMPERATURE - OF 

278-21 UNCLASSIFIED - 125 - FIGURE 43 



E 
E 
c1 

aaRpaRATKW 6069 
RL?ORT 

Maryuardj  
V A N  NUYS, CALI~OUNIA UNCLASSIFIED 

WALL TEMPERATURE REDUCTION FROM TRANSPIRATION COOLING EFFECT 
OF DIMENSIONALLY ABLATING SILICA-PHENOLIC THRUST CHAMBER 

5200 

4800 

4400 

a: 
0 

I 4000 
W 
nt 
3 
I- 

d 
w 3600 n z w 
I- 
-I 
-I 3200 
5 

2800 

240C 

0 4 8 12 16 20 24 

GASEOUS M A S S  ADDITION R A T E  - Ib/in.2sec x l o4  

32 

28 

24 Iz s - .- 
E 
I 

2o w 
a I- 

a: 
z 
0 

v, 
W a: 
L3 
W a: 
u 
LL e 
3 

16 

l 2  w 
a 

8 v, 

4 

0 



k 

L 

. 
m 

z- 
0 

278-158 UNC-LqSS Y t- I t D  - 127 - FIGURE 45 



EXPERIMENTAL SURFACE REGRESSION RATES 
FOR SILICA-PHENOLIC THRUST CHAMBER THROAT SECTION 

5 

4 

- .- 
E 

W 
I- 

Q: 

3 I 

a 
z 
0 

DATA SOURCE: S-IVB U L U  

0 50 100 150 200 

TIME - seconds 

250 300 

278-102 UNCLASSI FO ED - 128 - FIGURE 46 



6069 amwlwrn UNCLASSIFIED VAN NUYS, CALIFOWIA BEPORT 

Maq"adt 

EXPER I MENTAL SURFACE REGRESS ION RATES 
FOR SILICA-PHENOLIC THRUST CHAMBER THROAT SECTION 

5 

4 

3 

2 

J 

c I I I 1 1 
0 50 100 150 200 250 300 

TIME - seconds 



UNCLASS I FI ED 
RWOW 6069 

1000 

100 

10 

1 .o 

EXPERIMENTAL SURFACE REGRESSION AS A FUNCTION OF T IME 
FOR S ILICA-PHENOLIC THRUST CHAMBER THROAT SECTIONS 

10 100 

TIME - seconds 

iti 1000 

- 130 - FIGURE 48 278-104 UNCLASS IF IED 



UNCLASSIFIED 
J C W W n O n  

V A N  NUYS, C A L l f O M I A  
6069 

RC?O#T 

b-t- 0 

d 
0 
d- 

0 
0 cv 

0 
0 
f-l 

3 
9 

3 
d 

3 v 

0 
l-4 

9 

U 

N 

- 131 - 278-105 UNCLASS I FI ED 
~ ~~~~ ~ 



6069 
V A N  NUYS, CALIFORNIA Rt?OlT UNCLASS I FI ED 

ANALYTICALLY DETERMINED SURFACE REGRESS ION RATE 
FOR A SILICA-PHENOLIC THRUST CHAMBER AS A FUNCTION OF HEAT FLUX 

10 

1 .o 

0.1 
0.01 

HEAT FLUX TO SURFACE - Btu/in.2sec 



UNCLASSI F?ED 
JCiWWTKW 

V A N  NUYS, CALWOMIA REPORT 6g69 

ENDOTHERMIC AND SENSIBLE HEAT ABSORPTION 
OF SILICA-PHENOLIC LAMINATE AS A FUNCTION OF TEMPERATURE 

6000 

5000 

4000 

p 
I% 

n 
a g 3000 
m a 
a 

I 

w 

t? 

I- 

W 
I 

2000 

1000 

0 

COMPOSITION: 30% PHENOLIC,  70$ S I L I C A  
PRESSURE: 100 p s i a  

NOTE: FOR PURPOSE OF MODEL, REACTIONS 
ARE ASSUMED TO GO T O  COMPLETION 
A T  THt  S I VEN TEMPERANRES 

S i  (S) + Si02 (1) 

S I VEN TEMPERANRES I 

S i c  (S)  + 

s i c  (S) 
I 

r INITIAL CHARRING I 
I ! 
I S i 0 2  (S)  

1000 2000 3000 4000 5000 0 

TEMPERATURE - OF 



aaRPXUW 
V A N  NUYS. CALICORNIA REPORT 6069 
Maryuard t  

UNCLASS I F I  ED 

LL 

0 
0 
0 
In 
II 

0 

k0 
d 

LI 
0 

I 

W 
E 
3 
I- a er 
W a 
5 
W 
I- 
W 
0 

LL 
E 
3 
v) 

a 

STEADY STATE SURFACE TEMPERATURE AS A FUNCTION OF ENDOTHERMIC 
AND SENS ISLE HEAT ABSORBED 

FOR A D I MENS I ONALLY ABLATING COMPOS ITE MATER I AL 

5000 

4600 

4 200 

3800 

3400 

3000 

2600 

2200 

1800 

1400 

1000 
0 2000 4000 6000 8000 10,000 12,000 14,000 16,000 

A HR - Btu/lb 



6 
e U 

o[ywIRvIDv 6069 REK)RT 

M a q u a d t  
UNCLASS I FI ED V A N  NUYS, CALIFORNIA 

STEADY STATE SURFACE TEMPERATURE AS A FUNCTION OF ENDOTHERMIC 
AND SENSIBLE HEAT ABSORBED FOR DIMENSIONALLY 

ABLATING COMPOSITE MATERIAL 

7 200 

6800 

6400 

6000 

LL 

I 5600 
W 
w 
3 
I- 

w 
a 
LIC 5200 

$ 
L. 

3 4800 
a 
LL 
w 
3 
tn 

440C 

400( 

360C 

320C 

280t 
0 2000 4000 6000 8000 10,000 12,000 14,000 16,000 

AHR - Btu/lb 



RE?ORT 6069 
Maryuarzit  arrSpaerTrn 

V A N  NUYS, CALIFORNIA UNCLASS I FI  ED 

FLOW VELOCITY OF ERODING MOLTEN S I L I C A  LAYER 
AS A FUNCTION OF THRUST CHAMBER INNER SURFACE TEMPERATURE 

0.7 

0.6  

8 
5 

>* 
d 

S .- 
I 0.5 

u 
.J 
tn 
W 
0 

LL e 
3 
v) 

LL 

- - 
0.4 

a 

o 0.3 
c 
5 

> 0.2 

0 
-I 
W 

6 
-I 
L L  

0.1 

WALL TEMPERATURE - O F  

30 



6069 cxmcwmm 
V A N  NUYS, CALIFORNIA REPORT 

M a q " a d  
UNCLASSIFIED 

INSIDE SURFACE TEMPERATURE RISE TIME FOR A CONVECTIVELY HEATED CYLINDER 

10 

0.1 
10 

TIME TO REACH (Tg-Ts)/(Tg-To) = 0.5 seconds 

100 

15C118 UNCLASSIFIED - 137 - FIGTJRE 5.5 



aaRRIRITHW 6069 Rt?OR1 

M a r y u a d f  
V A N  NUYS, CALIFORNIA UNCLASS I FI  ED 

O 
4 

0 
0 
d 

0 
4 
. 

rl 

0 

rf 

0 
9 

0 

278-1 UNCLASSIFIED - 1-58 - FIGURE 56 
____ ~~ ~ 



6069 aaRplypAmm UNCLASSIFIED V A N  NUYS, CALlfORNIA RtPOtf 

M a f y u a d t  

. .  U 

Y - 
!.J y 

0 

10~141 UNCLASSIFIED = 139 - FIGURE 37 



"KW 6069 RtPORt 

2 a p W z f . f  
V A N  NUYS, CALIFORNIA UNCLAS S I F I ED 

0 

9 
0 
rl Y - 

! r  y 

l 4  

0 

d *  

9O 
0 

278-2 UNCLASSIFIED - 140 - FIGURE 38 



8 
c U 

TRANS1 ENT TEMPERATURE RESPONSE OF INNER 
SURFACE OF GRAPHITE THROAT INSERT - CHAMBER 

1 THROAT 

= 800 Btu/ f t2  h! *F kthroat = 40 B t u / f t  hr F 
C = 0.35 B t u i l b  O F  
P = 110 Lb t u  f t  

0.5 

0.4 

n 

I-O 
I 0.3 
U 

\ 
h 

h0 
I 

0.2 
U I-" 

0.1 

0 
0 4 8 12 16 20 24 

TIME - seconds 

278-46 UMCLASS I k  ED - 141 = 



GASEOUS F I L M  COOLING REQUI REMENTS FOR STANDARD NOZZLE 
WITH TWO-ROW HOLE PATTERN AT 4:l 

02/H2; P = 100 psia H 2  COOLANT. 
I 0 

0 1000 2000 3000 4000 50( 

EXIT (1.5:l) WALL TEMPERATURE - OF 

IO 

- 142 - FIGURE 60 278-140 UNCLASS 1 FI  ED 



GASEOUS F I L M  COOLING REQUIREMENTS FOR STANDARD NOZZLE 
WITH OPT1 MUM TANGENTIAL SLOT AT 5.38:l 

H2 COOLANT, 02/H2 Po = 100 psia 

v) 
Q 
0 
I 

W 
I- < 
E 

0.10 

0.08 

0.06 

0 .u4 

0.02 

0 
0 1000 2000 3000 4000 50( 

EXIT (1.5:l) WALL TEMPERATURE - OF 
30 

- 143 - 
~~ 

278-141 UNCLASS I FI ED FIGUE 61 



E 
E c 

UNCLASS I F I ED 
~mmrI0N 

V A N  NUYS, CAllfORNlA REPORT 6069 

0.07 

0.06 

0.05 

0 -04 

0.03 

0.02  

0.01 

( 
0 

OPTIMUM SLOT WIDTH FOR STANDARD NOZZLE 
WITH TANGENT I AL SLOT AT 5.38:l 

H2 COOLANT, 02/H2 'I Po = 100 psia 

1000 2000 3000 4000 

EXIT (1.5:l) WALL TEMPERATURE - OF 

5000 



3 

UNCLP S S 
DMPMATMV 6269 RE?ORT 

Maq"ardf  
V A N  NUYS, CALIFORNIA FI ED 

MULTISLOT, F I L M  COOLED PYROLYTIC GRAPHITE NOZZLE 

BELLEVI LLE / 
SPR I NG 



REPOW VAN NUYS, CALIFORNIA CLASSIFIED 



UNCLASSIFIED V A N  NUYS, CALlfORNlA 

GASEOUS FILM COOLING FOR STANDARD NOZZLE 
WITH MULT I SLOT COOL I NG 

H2 COOLANT, 1 02/Hz5 Po = 100 psia 

0.0016 

0.0014 

0.0012 

0.0010 

0.0008 

0.0006 

0.0004 

0.0002 V 0 2000 3000 400 0 

MAXIMUM WALL TEMPERATURE - OF 

278-143 UNCLASS IF1 ED - 147 - FIGUFE 65  



mmrm 6069 REPORT 

H a r i u a r d j  
V A N  NUYS. CALIFORNIA UNCLASSIFIED 

e 
m 0 

0 

w rl 
3 N 
a m  
z II 
I 

c .- 
" E I -  

m 
4 N 

e , .  I 
I1 
* 

0 
0 

d 

0 
0 
0 
9 

0 
0 
0 
U 

0 
0 
0 
N 

0 
rl 

0 
I4 

0 

rl 

9 
0 

rl 
0 

0 
9 

m 
0 
0 

0 
9 

b 

0 

N" t 
N 

I 
0 
I- 
Q; e 

0 
-I 
LL 
I- z 
-I 
.-I 
W 
Q 
0 e a 
\ 
I- z 

0 
0 
0 

- 

3 

a 

4 

0 

P t D  - 11;8 - FIGURE 66 278-144 UNCLASS 



UNC LASS I F l E D  
Z/at -q l Iad.  lollwm M?om 6969 

V A N  NUYS, CALIFOINIA 

UNCLASS W E D  : 1'.9 - 



~ ~ T I o N  6069 RL?ORT 

Maryuartj..  
V A N  NUYS, CALIIORNIA UNCLASSIFIED 

in 

3 

u, 
0 

s 
S 

5 3  
E S  

W 
Q 

CZ 
W 
0 

-1 
I 
I 



~ 

5359 Man?"iil# - RE?ORl 
VAN NWS. CALIFOCNIA UNCLASSIFIED 



RECORT 5069 
V A N  NUYS, CALIFORNIA UNCLASS I FI  ED 

VARIATION OF THEORETICAL SPECIFIC IMPULSE WITH CHAMBER PRESSURE 
GASEOUS 02H2; O/F=5.0;AJA*= 1.5 

SHIFTING EQUILIBRIUM EXPANSION TO 14.3 psia 

80 90 100 110 120 130 140 

CHAMBER PRESSURE - psia 

278-145 UNCLASS YFYED - 152 - FIGURE 70 



UmpaRvlOlv 6969 REPORT 

Maf$l"afdf 
UNCLASS IF lED V A N  NUYS, CALlfORNIA 

--- 

a 
k 





6069 awpIypArmv 

V A N  NUYS. CALIFORNIA RWORT 

Manpard/ 
UNCLASSIFIED 

V A R I A T I O N  OF TEMPERATURE WITH T I M E  FOR SLOTTED STEEL NOZZLE 
W I T H  HYDRUGEN F I L M  COOLING, RUN 24 

s E CT I ON : 

1200 

1000 

E 800 
1 

W 
U 
2 
a 600 
w 
W 
n 
I 
W 
I- 400 

200 

0 

1 2 3  4 

THERMOCOUPLE LOCATION 

T C  1 

SECTION 0 T C  2 

T C  7 

6 

T C  3 

SECT I ON 0 
T C  4 
T C  9 

T C  1 2 0  

T C  1 1  

T C  10 

0 4 8 12 16 20 24 28 - 
TIME - seconds 

c 



VAN NUYS, CALIFORNIA 
6069 

REPORT 

UNCLASS P F I  ED - 136 - 



awpaRvlw 6069 RECORT 

Martpan/ . .  
UNCLASSIFIED V A N  NUYS, CALIFOWIA 

THERMOCOUPLE LOCATIONS FOR RUNS 30 TO 33 
COMBINED R A D I A T I O N I F I L M  COOLING 

I SECTION : I I I  1 1 1  IV 

in .  COOLANT 
I N JECT I ON I ’  * I  1.i5 I in .  1- 

AT 5.38:1 

\ 
THICKNESS = 0.15 
STANDARD TEST I ‘ I  

q’1.052 I 
1 . 2 5 4  I NOZZLE CONTOUR 

1 . 7 5 4  I 
2.46- 

TOP 
1 END VIEWS LOOKING TOWARD INJECTOR TOP 

2 

TOP 
3 

4 

in .  

c 

SECT I ON 

(A/A;~ = i .o) 8 

7 

TOP 
9 

12 10 

11 

278-146 UNCLASS I FI  ED - 137 - FIGURE 75 



E 
2 
c 

UNCLASS I F I  EC 
G a R p o o A T ~  6069 

I Maq"dmr VAN NUYS. CALIFORNIA REPORT 

GASEO 
USED FO 

JS F I L M  COOLANT MANIFOLD 
3 TANGEWIAL F I L M  INJECTION 

278-156 UNCLASS I FI  ED - 158 - FIGURE 76 



E 
P 
4 
c 

1 

THERMOCOUPLE LOCATIONS FOR RUNS 43, 44, AND 58 
COMB I NED RAD I AT1 ON I FILM COOL1 NG 

S E C T I O N :  B D F G 
1 (THROAT) (EXIT)  

I 1 I 
I I 

I 
I I I 

T A N G E N T I A L  
COOLANT 
I N J E C T I O N  

2.9 i n .  
I 

18:l 

A 

I I I I 

' 
34; S T E E L  WALL 

I I T H I C K N E S S  = 0.06 i n .  
I STANDARD T E S T  NOZZLE 

I 

P 0 . 7 5  I I 

END V I E W S  LOOKING TOWARu iNJECiGR 
TOP 

TOP 

TOP 
1 1  

7 

CONTOUR 



MnfWLUiW 6069 UNCLASSIFIED Maq"afd t  V A N  NUYS, CALIFORNIA REPORT 

CO 

0 0 0 
0 0 

0 0 
0 

9 N 0 
d 0 
d 4 

0 0 0 
0 0 
0 
M 

0 0 
9 N a2 
N N d 

9 
d 

d 
4 

N 
d 

0 
d 

CO 
0 

9 
0 

d 
0 

N 
0 

0 



REPORT 

z a r i i " a d f  mpIypAm 

UNCLASSIFIED V A N  NUYS, CALIFORNIA 

VARIATION OF ANALYTICAL AND EXPERIMENTAL NOZZLE TEMPERATURES 
W I T H  FLOW RATE 

RADIATION I HELIUM FILM COOLING 

m 
Q. 
Q 

I 

W 
I- s 
6 

4 

-I 
LL 
I- z 

0 
0 
0 

0.20 

0.15 

0.10 

0 -05 

0 
1000 1500 2000 2500 3000 

WALL TEMPERATURE - OF 

3500 4000 



8 
P 
u 

UNCLPSSIFIED V A N  NUYS, CALIFORNIA 
6069 RWORT 

VARIATION OF ANALYTICAL AND EXPERIMENTAL NOZZLE TEMPERATURES 
W I T H  ROW RATE R A D I A T I O N  I HYDROGEN F I L M  COOLING 

0. 

0. 

0. 

0, 

0. 

WALL TEMPERATURE - O F  

278-149 UNCLASS I FI ED - 162 - FIGURE 80 



W 
J 
N 
N 
0 z 

4 - W  
N c n  

U 
Tt 
0 

0 
U 

0 

9 
m 
0 

N 
m 
0 

03 
N 

0 

d 
N 

0 

0 
N 

In 
P 
P 
I 

w 
I- 
p: 
a 

s 
4 
LL 

N 
-4 

3 

3 

0 
In 

0 
U 

v 

0 
0 
0 
rl 

278-150 UNCLASS I FI ED - 163 - FTWFE 81 



V A N  NWS. CALlFOlNIA 
6069 

R t c O n  

M c 
.I+ 
rl 
0 
0 
V 
k2 
rl 
.d 
kl 

.I+ 
rl 

5 
-4 s 
c 
0 
.d 
c, 
cd 
k 
a, a 
0 

% 

% 

3 

m 

0 
0 
Q) 
m 

cu 
k 
a, 
c, 
%i 
cd 
a, 
d 
N 
N 
0 
2 
a 
a, 
c, 
.d 

H 
E: 

A 
cd 
k a 

cu co 

UNCLASSPFIED - 164 - 



R H O l f  6069 
M a q u a r d f  mmm 

UNCLASS I FI  ED V A N  NUYS, CALIFORNIA 

c 

AVERAGE EROSION OF HELIUM F I L M  COOLED GRAPHITE NOZZLE 
AFTER RUNS 45 AND 46 

TOTAL DURATION 204 SECONDS 

0 .> I I I I 

0 
0 0.5 1 .o 1.5 2 .o 2.5 

0.3 

L 
S 
0 0.2 .- 

g 0.1 

0 
0 40 80 120 160 200 240 

TIME - seconds 

278-118 UNCLASSII-ltD - 165 - 



OaRpaaATIW 6069 
UNCLASS lF lED 

Maryuard t  V A N  NUYS, CALIFORNIA REPORT 

VAR I AT I ON OF TEMPERATURE WITH T I ME 
FOR HELIUM F ILM COOLED GRAPH-I-TITE G NOZZLE, RUN 45 

2 400 

2200 

2000 

1800 
LL 
0 

I 
W 

3 
I- 
Q 
K 
W a 

1600 

5 140C 
I- 

120c 

l0OC 

80C 
0 10 20 30 40 50 60 70 

TIME - seconds 

278-120 UNCLASS I t  I t D  - 166 - FIGURE 84 



UNCLASS I Fl ED wK)n 6069 VAN NWS. CALIFOMIA 

c 
3 

r 

UNCLASS IF1 ED - 167 = 



UNCI ASS IF I ED mom 6069 
Mayuardf - 

V A N  NUIS, CALIFORNIA 

UNCLASS I FP ED - 168 - 



REM 6069 
Mavuadf mrmB. 

V A N  NUYS, CALIFORNIA UNCLASWPED 



6069 
V A N  Marq"adf NUYS, CALIFORNIA nmsaa* RE?ORT UNCLASS IF I EO 



VAN NUYS, C A L I ~ I A  IcK)n 6069 UNCLASS I FI ED 

APPENDIX A 

SUMMARY O F  NOMENCLATURE 

A1, 2, 3 

2, 3 

P i  C 

P 

P 

C 

- 
C 

'm 

D* 

~~ 

Units Symbol Description 

Constants defined by Equations ( lo), (ll), (12) 

Constants def ined by Equations ( h ) ,  

Speci f ic  heat  of ith species 

Spec i f ic  hea t  

( 5 ) ,  ( 6 )  

Average s p e c i f i c  heat  

Mass t r a n s f e r  mult iple  

Throat diameter 

2, 3 

f 

F 

G 

h 

k 

i(. 

1, 2, 3 K e  

L 

L* 

M 
- 

Activat ion energies  defined by Equations ( 4), 
(3, (6.1 

F r i c t i o n  f a c t o r  

Bulk convection rate defined by Equation ( l3d)  

Mass f lcw rate 

Convective heat  transfer coe f f i c i en t ,  corrected 
f o r  mass t r a n s f e r  e f f e c t  

Uncorrected convective heat t r ans fe r .  coe f f i c i en t  

Heat of r eac t ion  of react ions 1, 2, 3 

Thermal c onduc t i v  i t y  

Mass t r a n s f e r  coef f ic ien t  

Mass t r a n s f e r  coef f ic ien t  corrected f o r  mass 
t r a n s f e r  effect  

Equilibrium constants  defined by Equations ( 7 ) ,  
(81, (9)  

Eff ic iency  f a c t o r  f o r  temperature r ise  of t r ans -  
p i r a t i o n  coolant f r o m  i n l e t  t o  w a l l  temperature 

Charac t e r i s t i c  length 

Molecular w e i g h t  of stream f molecular weight 
a t  w a l l  

Btu/lb-mole 

lb-mole/in2 - s ec 

Btu/in2-sec-"F 

Btu/in2-sec- 'F 

lb-rnole/in2-sec 

lb -mole / in2 - s ec 

inches 
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Symb ol Descript ion Units  

Ni 

P 

Pi 

Qk 

rl, 2, 3 

re 

R 

R e  

Stg 

t 

T 

V 

8 

P 
e 
? 
Y 

er 

Mass t r a n s f e r  rate of ith species  

Pres sure  

P a r t i a l  pressure of ith species  

Conduction i n t o  w a l l  

Reaction rates of r eac t ions  1, 2, 3 

Outside radius  

Inside radius  

Universal  gas constant,  1.987 

Radius r a t i o ,  re/ri 

Stanton Number 

T ime  

Temperature 

Combustion gas v e l o c i t y  

Mole f r a c t i o n  of ith species  

Erosion ra te  

Mass flow ra te  

Thermal d i f f u s  i v i t y  

Mass t r a n s f e r  co r rec t ion  f a c t o r  def ined by 
Equation ( 1 4 )  

Viscosi ty  

Density of g raph i t e  w a l l  

Density of combustior! gas 

Shear stress 

Mass t r a n s f e r  co r rec t ion  f a c t o r  def ined i n  
Equation ( 16) 

lb-mole/in2-s ec 

atms 

atms 

B t  u/ in2 - s ec 

lb-mole/in2-sec 

Btu/lb-mole- O R  

O R  

mils/sec 

lb/sec 
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REACTION PHENOMENA AND KINETICS OF SOLID-GAS REACTIONS 

B-I .  SOLID GAS REACTIONS 

A .  General Discussion 

When a gas and s o l i d  reac t ,  e i t h e r  gaseous o r  s o l i d  products ( o r  
both) are formed. Reactions involving s o l i d  products have been ignored i n  th,; 
first a n a l y t i c a l  treatment although it may be necessary t o  include them la te r .  
Where t h e  products are gaseous, severa l  gross s t eps  are involved i n  t h e  ove ra l l  
chemical a t t ack :  

1. Transfer  of t h e  reac tan ts  t o  the  surface 

2.  Reaction a t  the surface 

3 .  Transfer of t he  products from t h e  surface 

4. Transfer  of the energy involved i n  t h e  r e a c t - m  t o  o r  
from the  sur face  

Each of these  gross s teps  represents  a r e s i s t ance  t o  the erosion, 
a d  .ui<zr ccze cncd.it.ions may be much slower than  t h e  other  s t eps ,  thereby be- 
coming t h e  rate l imi t ing  s t e p  of t h e  ove ra l l  chemical erosiun pi-ocess. P u r t h ~ r -  
more, t h e  ove ra l l  reac t ion  may possibly be described by a number of d i f f e r e n t  
models such as the  following: 

Model I - The s o l i d  sublimes and r eac t s  i n  the  vapor phase. 
E i t h e r  t h e  sublimation o r  t he  vapor reac t ion  could 
be  t h e  r a t e  l imi t ing  s t ep .  

Model I1 - A reac tan t  molecule co l l i des  with an  a c t i v e  s i t e  
on t h e  so l id  sur face  forming a chemisorbed product 
which is then desorbed. E i t h e r  t h e  impact ( c o l l i -  
s ion )  s t e p  o r  t he  desorpt ion s t e p  could be rate 
l imi t ing .  

Model I11 - The reac t ing  gas is  chemisorbed on the  sur face  and 
then reac ts  wi th  an adjacent  s i t e ,  o r  si tes,  t o  
form chemisorbed products which a r e  then desorbed. 
A t  least one s i t e  f o r  each molecule of reac tan ts  
and products w i l l  be involved. Any of the  s t eps  
mentioned ( i . e . ,  chemisorption, sur face  react ion,  
o r  desorption) might be rate l imi t ing .  



A P P E N D I X  B (Continued)  

The following d e f i n i t i o n s  are u s e f u l  i n  understanding t h e  above des- 
c r i p t i o n s  of the r eac t ion  models : 

1. Adsorption - Attachment of molecules of a f l u i d  t o  a s o l i d  
surface 

a. Physical  Adsorption 

Weak fo rces  between s o l i d  surface molecules and f l u i d  
molecules, similar t o  condensation. Amount adsorbed 
decreases r ap id ly  with increased temperature. 

b . Chemis o rp t  i on 

Strong fo rces  similar t o  valence bonds between adsorbed 
f l u i d  molecules and s o l i d  su r face  molecules. More i m -  
por tant  a t  higher temperatures then physical  adsorpt ion.  

2. Desorption - Separation of molecules of a f l u i d  from a s o l i d  
su r face  involving breaking of adsorpt ion bonds a 

I n  addi t ion,  if a gaseous r eac t an t  i s  polyatomic, it may decompose 
i n  t h e  gaseous phase and each of i t s  decomposition products may r e a c t  with t h e  
s o l i d  by one of t h e  models j u s t  descr ibed.  Thus, i n  any s i n g l e  system, chemical 
erosion may take place simultaneously by more than one model. 
m o d e l  is o f t en  dominant and an  approximate s o l u t i o n  can be obtained by consider- 
ing a s i n g l e  s t e p  of tha t  model as rate con t ro l l i ng .  

Fortunately,  one 

If t h e  r eac t ion  can be character ized by some l i m i t i n g  s t e p  i n  t h e  
m o d e l ,  a much simpler expression can be w r i t t e n  f o r  t h e  r eac t ion  ra te .  
example the general  equation 

Take f o r  

Rate expressions developed f o r  t h i s  general  r e a c t i o n  can b e  r e a d i l y  modified f o r  
react ions with two l i k e  product molecules or only one product molecule. 
expressions f o r  t h e  above r eac t ion  r e s u l t i n g  from s e v e r a l  of t h e  abovementioned 
models are developed below i n  t h e  manner of Hougen and Watson (Reference 8),  
assuming t h a t  specie  C i s  s o l i d  and species  A, R and S are gaseous. 

Rate 
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B. Model I -- Sublimation Mechanism 

1. Rate Limited by Homogeneous Reaction S tep  

The sublimation mechanism is poss ib le  even though the  vapor pres.  
sure of t h e  s o l i d  is very low. 
slowest s t e p  and mass t r a n s f e r  e f f e c t s  are not important ( i . e . ,  very fas t ) ,  t he  
o v e r a l l  r eac t ion  rate w i l l  be control led by t h e  rate of sublimation which is  
necessary t o  keep t h e  gas sa tura ted  with t h e  vapor of t he  s o l i d  wal l .  

If the  homogeneous (gas  phase) reac t ion  is  the  

Therefore, 
the o v e r a l l  reac t ion  rate w i l l  be  proport ional  t o  t h e  volume of gas f l a w  
u n i t  area of s o l i d  and t h e  vapor pressure of t h e  s o l i d .  Thus 

Where 

r 

'i - 
V 
"S 

V 

AS 

pT 

= 

= Constants, where i = 1, 2 ,  3 ,  4, - - - n 

= 

= Volumetric f l o w  rate, unit volume per  un i t  t i m e  

= Area of s o l i d  

= Tota l  pressure 

Reaction rate,  moles of s o l i d  per  un i t  area per  un i t  t i m e  

Average mole f r a c t i o n  of sublimed s o l i d  i n  gas phase 

(vp), = Vapor pressure of s o l i d  a t  temperature of s o l i d  sur face  

If t h e  vapor pressure is found by the Clausius-Clapeyron equation, 

t h e  r eac t ion  ra te  can be wr i t t en  as 
- A H  

( 
V 

'T As 

sub) 
*W 

r = C3e 

UNCLASS It I t D  - 1'75 - 



UNCLASS I FlED V A N  NUYS, CALIFORNIA 
RWORT 6069 

B 
P u 

A P P E N D I X  B (Continued) 

Where 

AH = Molal heat of sublimation s ub 
T = Absolute temperature of the su r face  

R = Universal  gas constant 

W 

Important observations about t h i s  equat ion are t h a t  t h e  rate of 
t o t a l  mass dep le t ion  of a s o l i d  i s  independent of i t s  area and is  d i r e c t l y  pro- 
p o r t i o n a l  t o  the volumetric flow rate. The same i n t e r p r e t a t i o n  expressed d i f -  
f e r e n t l y  i s  t h a t  t h e  erosion ra te  i n  depth p e r  ui?it time is ( f o r  a given volume 
of gas) inversely proport ional  t o  the  exposed area. 

2 .  Rate Limited by Sublimation S tep  

I f  the rate of the sublimation s t e p  i s  c o n t r o l l i n g  and mass 
t r a n s f e r  rates are fast, thermochemical equi l ibr ium between t h e  sublimed s o l i d  
and the  combustion gas may be assumed i n  t h e  gas phase. The ra te  of the forward 
r eac t ion  i s  then expressed as 

Where 

= Velocity constants  f o r  sublimation and condensation, 
respect ively,  of t h e  s o l i d  (C (s )  i n  Equation (B-1)  ) ksc, k l S C  

%(A), + ( R )  = A c t i v i t i e s  i n  the gas phase a t  the w a l l  ( i n t e r f a c e )  
of components A, R, e t c .  

= Gas-phase-react ion equi l ibr ium constant Kg 
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I n  an i d e a l  o r  near i d e a l  system where t h e  a c t i v i t i e s  can be 
represented by t h e  p a r t i a l  pressures,  Pw(A), Pw(R), e t c . ,  of t h e  gaseous com- 
ponents at t h e  w a l l  ( i n t e r f a c e ) ,  then 

When equi l ibr ium between t h e  s o l i d  and gas e x i s t s ,  r = 0, and aw(C) = ( V P ) ~  = 
ksc/ktsc ( f o r  ideal gas ) .  Thus 

r = C,,e 
f 

Where 

AH* = Molal a c t i v a t i o n  energy of sublimation 
s ub 

An important observation of t h i s  mechanism is t h a t  it i n d i c a t e s  
a zero o rde r  i n i t i a l  r eac t ion  ( i . e . ,  no products present)  with respect  t o  t he  
gaseous r eac t an t .  That is, t h e  i n i t i a l  r e a c t i o n  rate i s  independent of the reac- 
t a n t  p a r t i a l  pressures .  f 

C.  Model I1 -- Impact Mechanism 

If t h e  r eac t ion  takes  place by c o l l i s i o n  between gaseous r eac t an t  
molecules and active s i tes  on t h e  s o l i d  surface,  the forward r eac t ion  rate w i l l  
be  proport ional  t o  t h e  a c t i v i t y  ( o r  p a r t i a l  p re s suE  f o r  i d e a l  systems) of t h e  
r e a c t a n t  and t h e  number of vacant ( i . e . ,  ava i l ab le )  r eac t ive  si tes on the su r face .  
The reverse r eac t ion  w i l l  b e  proport ional  t o  the  concentrations of adsorbed pro- 
duct  molecules on t h e  surface,  and the  n e t  r eac t ion  rate car, 5e u r i t t e n  as 
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r = k 

APPENDIX B (Continued) 

‘R ‘S Pw(A) cv - - 
K ’  e 

r = k P , ( A )  C v  - k’CRCS 

Concentration of  adsorbed R, S molecules pe r  un i t  a r e a  

Veloci ty  constants  of forward and reverse  r eac t ions ,  
respec t ive ly  

Concentration of vacant r e a c t i v e  s i t e s  pe r  unit area  

A t  equi l ibr ium, r = 0, and 

So t h a t  
c 

where K’, = Surface reac t ion  equi l ibr ium cons tan t .  

1. Rate Limited by Impact-Surface Reaction 

If the  impact-surface r eac t ion  i s  t h e  l i m i t i n g  s t ep ,  

(B-10) 

(B-11) 

the concen- 
t r a t i o n s  of  R and S on the sur face  can be approximated by adsorpt ion-equi l ibr ium 
values  between the ava i l ab le  s i t e s  on t h e  sur face  and the  gas a t  t he  sur face ,  o r  

c = KaR Pw(R) Cv (B-12) R 

and 

(B-13) 
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Where K a ,  K a  = Adsorption equilibrium constants f o r  R and S, respect ively.  

NOW 

Where 

L = Tota l  a v a i l a b l e  si tes per uni t  surface a rea  

cI = S i t e s  occupied by i n e r t s  

Then 

c V = L - CV(K,R Pw(R) + K,s Pw(S) + K,I Pw(I) + 4 

Where KaI = Adsorption equilibrium constants f o r  i n e r t s  I, and 

Theref ore  

1 
Or 

kL r =  
(1 + K ~ P ~ ( R )  + K ~ ~ P ~ ( s )  + K ~ ~ P J  I) + . . . 

J 

( B-16) 
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Now a t  equilibrium, r = 0 and 

Where Ke = Thermodynamic chemical equi l ibr ium cons tan t .  

r 

r 
r 

(1 + K P (R) + KaS Pw(S) + K P ( I )  + ...) 
a R  w a1 w 

'L 
Ke 

1 

( B- 18) 

Note t h a t  where only one molecule of A per s i t e  i s  involved, t h e  r eac t ion  w i l l  
be f i rs t  order  with respect  t o  A. If two molecules of A reacted wi th  each ac- 
t i v e  s i te ,  t h e  reac t ion  would be  second order  wi th  respect  t o  A. The second 
order  r eac t ion  is unlikely,  s ince  it implies simultaneous c o l l i s o n  between two 
molecules and one s i te .  

2. Rate Limited by Desorption S t e e  

If t h e  l imi t ing  s t e p  of t h e  o v e r a l l  r eac t ion  i s  t h e  desorpt ion 
of one product, R, t he  rate equation becomes t h e  rate of desorp t ion  of R, o r  

' a R  KaR = - 
k a R  

(B-20) 
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and kaR, klaR = Velocity cons tan ts  f o r  adsorpt ion and desorp t ion  of R, respec- 
t i v e l y  . 

Now, c under these circumstances can be approximated by t h e  
su r face  r eac t ion  e q u i l i  F rim value,  o r  

and 
r 1 

A t  e qui  1 i b  r ium 

Theref ore  

( B- loa) 

(B-21) 

(B-22) 

A H L  
S u b s t i t u t i n g  f o r  c and s ince  k a  = C e , from absolu te  r eac t ion  rate 
t heors ,  V 6 

" ,  

Cg L e W W  
c 

(B-24) 

'f Where  AH^ = Molal energy of ac t iva t ion  f o r  adsorpt ion of R. 
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Note t h a t  t h e  forward r eac t ion  is f i r s t  order  with respec t  t o  
( A )  and inversely proport ional  t o  Pw( S ) .  
with respect  t o  Pw( R )  . 

The reverse  r eac t ion  is  f i r s t  order  

D. Model I11 - Adsorption Mechanism 

1. Rate Limited by Adsorption S tep  

When t h e  l imi t ing  s t e p  i n  t h e  o v e r a l l  r eac t ion  i s  t h e  adsorp- 
t i o n  of A, t he  rate equation becomes 

r = kaA Pw(A) cv - kId cA 

A t  equi l ibr ium 

And 

r = kaA (Pw(A) cv - - CA 1 
KaA 

(13-26) 

Under the  circumstances, CA can be approximated by t h e  equi l ibr ium value from 
t h e  surface react ion,  o r  

cS CR 

cv K ’ e  
- 

‘A - 

Theref ore  

‘S ‘R r = kaA (Pw(A) cv - 
cv K ’ e  K ~ A  

E 
P 
I 
c 
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S u b s t i t u t i n g  f o r  CR and cs from Equations (B-12) and (B-13) 

r 

A t  equi l ibr ium 

Theref o r e  

Now 

Or 

Theref ore  
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2. Rate Limited by Surface Reaction S tep  

Development of t h e  ra te  equation f o r  an adsorp t ion  mechanism, 
when the  sur face  reac t ion  s t e p  is  con t ro l l i ng  (when t h e  adsorbed r e a c t a n t  mole- 
c u l e  r eac t s  with t h e  s i t e  t o  which it is  a t tached)  i s  completely analogous t o  
t h e  development of t h e  rate expression f o r  t h e  impact mechanism, su r face  reac- 
t i o n  cont ro l l ing ,  except t h a t  t h e  adsorpt ion of Species A on t h e  su r face  must 
be included i n  t h e  equation f o r  CV, as i n  Equation ( B - 3 3 ) ,  and i n  t h e  equat ion 
f o r  t h e  net  reac t ion  rate, which becomes 

Where 

'R 'S - -  K ' ,  - 
CA 

The f i n a l  r a t e  equation becomes 

r =  41 i. KdPw(A) + KaRPw(R) + KasPw(S) + KaIPw(I) + - 0 e )  

( B-37) 

For t h e  case  where t h e  adsorbed r eac t an t  reacts wi th  an ad ja-  
cen t  vacant a c t i v e  s i t e , t h e  bas i c  r eac t ion  rate equation becomes 

Where S/L = Frac t ion  of t h e  t o t a l  a c t i v e  s i tes  which are immediately ad jacent  
t o  any p a r t i c u l a r  a c t i v e  s i t e ,  S = Number of s i tes  surrounding each 
ind iv idua l  s i t  e 
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S - cv represents  t he  concentrat ion of vacant s i tes  ad ja-  Thus 
cent  t o  t h e  s i t e  occupikd by t h e  reac tan t  molecule. Now 

And t h e  f i n a l  rate expression w i l l  become 

(B-40) 

(B-41) 

3 .  Rate L imi t ed  by Desorption S tep  

--  le Zr;vGlvy,,,., --.- nnmanf  nf the rate eauat ion f o r  t h e  adsorpt ion mechan- 
i s m ,  product desorpt ion cont ro l l ing ,  is analogous t o  the development of the rate 
equat ion f o r  the impact mechanism, product desorpt ion cont ro l l ing ,  except f o r  
accounting f o r  the adsorpt ion of Species A i n  the equation f o r  cv. The f i n a l  
e quat i on b ec omes 

E .  Choice of Reaction Model 

(B-42) 

Choosing the  exact mechanism f o r  a p a r t i c u l a r  rea@-ion -5 not an  
easy t a sk ,  e spec ia l ly  if the  many constants appearing i n  t h e  reac t ion  equat icns  
m u s t  be  determined. An extensive and thorough research program is required,  
However, f o r  engineering purposes, a s a t i s f a c t o r y  choice might be made f r o 3  
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1 i m i  t ed 
paring 
primary 

. d a t a  by examining some of t he  d i f fe rences  between ' the equations.  By com- 
observed e f f e c t s  on the  reac t ion  rate caused by changes i n  some of t h e  
' var iab les  (e .g . ,  temperature, pressure,  composition) with changes pre- 

dicted-  from each equation, some of t h e  mechanisms can be el iminated.  
t h e  remaining p o s s i b i l i t i e s  do  not d i f f e r  much i n  t h e  range of t h e i r  intended 
use and t h e  f i n a l  choice is near ly  academic when t h e  equat ion is  t o  be empirical-  
l y  f i t t e d  t o  experimental data. 

Sometimes 

With a s u i t a b l e  reac t ion  ra te  equat ion chosen, t h e  chemical erosion 
can then be determined from t h e  concentrat ions of t h e  gaseous cons t i t uen t s  a t  t h e  
w a l l .  These concentrations a t  t h e  w a l l  w i l l  depend upon the  mass and hea t  t r ans -  
f e r  t o  and f r o m  t h e  sur face .  

B-11. APPLICATION OF THE COMPUTER SOLUTION 

Ideal ly ,  a complete k i n e t i c  s tudy of t he  gas-sol id  system i n  ques- 
t i o n  would be ava i l ab le  and k i n e t i c  equations f o r  t he  condi t ions involved could 
be  used i n  t h e  program f o r  pred ic t ing  "from scratch ' '  t h e  chemical e ros ion  rate. 
While t h i s  may be possible  with one o r  two very common systems, it is  not usual.  
For  most systems, one o r  two more l i k e l y  s i t u a t i o n s  w i l l  e x i s t .  The first pos- 
s i b i l i t y  w i l l  be t h a t  some k i n e t i c  information w i l l  be ava i l ab le  but  w i l l  be 
f o r  conditions o ther  than those  t o  be considered. I n  t h i s  case  one o r  two ex- 
perimental  da ta  points  of a c t u a l  nozzle e ros ion  may be s u f f i c i e n t  t o  complete 
t h e  p ic ture .  

Another problem e x i s t s  when l i t t l e  o r  no k i n e t i c  information is 
ava i l ab le  as may w e l l  be t h e  case with advanced high energy propel lant  systems. 
If t h e  react ions are few i n  number a f e w  a c t u a l  experimental d a t a  points  may 
s t i l l  be s u f f i c i e n t  t o  permit an engineering ana lys i s  of t h e  system. 

When no information of any kind is ava i lab le ,  t he  only a l t e r n a t i v e  
t o  a c o s t l y  experimental program i s  t o  assume s i m i l a r i t y  t o  some system f o r  
which t h e  necessary information is  ava i lab le .  
than  a pure guess. 
r e l a t i v e  e f f e c t s  should be  a t  least d f r e c t i o n a l l y  co r rec t .  

This approach c e r t a i n l y  i s  b e t t e r  
No absolu te  values obtained would be r e l i a b l e  but  predicted 

B-111. CKEMICAL EROSION OF GRAPHITE BY MIXTURES OF m R O G E N ,  WATER, CARBoN 
MONOXIDE, METHANE, AND ACETYLENE 

The chemical e ros ion  of graphi te  by mixtures of hydrogen, water, 
carbon monoxide, methane, and acetylene can be described by t h e  t h r e e  r eac t ions :  

2 + H O  c(d 2 ( g )  7 co(g) + H:! ( g )  
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F i r s t  appl ica t ions  of t h e  program w i l l  be with hydrogen r i c h  f u e l  
systems, t h e  react ions between oxygen and C( s )  being temporarily excluded. 
Other secondary react ions,  such as react ions between products o r  d i s soc ia t ion  
of t h e  var ious species  might a l s o  have been included, bu t  if t h e  empir ical  con- 
s t an t s  i n  t h e  rate equations are evaluated over t h e  range of condi t ions f o r  which 
they w i l l  be used, t h e  secondary e f f e c t s  should be inherent .  O f  course, extrapo- 
l a t i o n  t o  conditions not included i n  the empir ical  evaluations would be r i sky .  

A choice of t h e  best reac t ion  mechanism f o r  each reac t ion  might be 
made by consider ing the  var ious p o s s i b i l i t i e s  along with ava i l ab le  da t a .  A l l  
of t h e  t h r e e  reac t ions  include graphi te  as a s o l i d  only. In  considering t h e  sub- 
l imat ion  of graphi te  as a mechanism, n o t e  first t h a t  t he  apparent a c t i v a t i o n  en- 
ergy of any r eac t ion  under i n i t i a l  conditions with no products i n  s i g n i f i c a n t  
q u a n t i t i e s  i s  t h e  negative s lope  of the  curve, I n  r vs 1/T, o r  where 

Apparent a c t i v a t i o n  energy 

For the  sublimation mechanisms, Equations (B-4) and (B-8) ,  r eac t ions  I ( A )  and 
I ( B ) ,  
l imat ion of r phi te .  

energies  f o r  any of t he  reac t ions  a t  the  observed temperatures, sublimation of 
graphi te  followed by gas phase reac t ion  should be  eliminated as a poss ib le  mech- 
anism f o r  t h e  graphi te  reac t ions  considered. 
mean t h a t  sublimation can be ignored e n t i r e l y .  A t  h igher  temperatures, near  t h e  
subl imat ion point,  g raphi te  vapor pressure w i l l  increase  appreciably and sublima- 
t i o n  must be considered i n  accounting f o r  graphi te  losses  under those  condi t ions.  

$pp should be t h e  heat  of sublimation o r  t h e  a c t i v a t i o n  energy of sub- 
Both of t hese  quan t i t i e s  have been reported as - l 7 9 , O O O  

Kcal/g-mole( 9 7  5 . Since these  values  are almost twice t h e  observed a c t i v a t i o n  

This should not  be in t e rp re t ed  t o  

Of t h e  remaining f i v e  possible  mechanisms described previously,  each 
of t h e  rate equations includes a term i n  t h e  denominator which ref lects  a reduc- 
t i o n  i n  reac t ion  rate from coverage of pa r t  of t h e  reac t ion  s i tes  by adsorbed 
species on the  surface.  While t h e r e  are s l i g h t  d i f fe rences  i n  the  denominator 
terms of t h e  rate equations, they have a common c h a r a c t e r i s t i c .  
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Under conditions of high temperature and l o w  o r  moderate pressures,  
such as t h e  conditions pe r t inen t  t o  t h i s  study, adsorpt ion is not favorable ,  and 
t h e  denominator terms of a l l  t h e  rate equations approach uni ty .  For  t h e  purposes 
of developing a ca l cu la t ion  procedure, l i t t l e  loss i n  accuracy is r i sked  by drop- 
ping t h e  denominator terms of t h e  r eac t ion  rate expressions.  The r e spec t ive  rate 
equations s implify t o  t h e  fol lowing forms. 

Model I M I m p a c t  Mechanism -- Reaction c o n t r o l l i n g  

(B-44)  

Model I I B  Impact Mechanism -- Desorption of one product c o n t r o l l i n g  

Model IIIA Adsorption Mechanism -- Reactant adsorpt ion c o n t r o l l i n g  

( B-46) 

Model IIIB Adsorption Mechanism -- Surface r e a c t i o n  c o n t r o l l i n g  

(1) Reaction wi th  adsorbing s i t e  
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( 2 ) .  Reaction wi th  adjacent s i te  

( B-48) 

Model =IC Adsorption Mechanism -- Reactant desorpt ion c o n t r o l l i n g  

Notice t h a t  s impl i f i ca t ion  of t h e  r eac t ion  rate expressions by dropping t h e  de- 
nominator term leaves only two basic forms t o  choose from empir ical ly .  The re- 
a c t i o n s  con t ro l l ed  by r eac t an t  adsorption o r  t h e  surface r e a c t i o n  a l l  f i t  t o  
t h e  general  form 

wh 

The react ions l imited by product desorpt ion a l l  f i t  t he  general  forn 

re C 1 2  = Cll L, and is constant  when L, t h e  t o t a l  a v a i l a b l e  r e a c t - m  s t e s  on 
the surface,  does not change w i t h  r eac t ion  condi t ions - Under circumstances un- 
favorable  t o  adsorption, the desorption rate of products should be appreciably 
higher and should not l i m i t  the  r eac t ion  rate. 
a c t a n t  adsorpt ion or surface r eac t ion  c o n t r o l l i n g  as the  most l i k e l y  choice f o r  
t h i s  program. 

This leaves the equation f o r  re- 
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The a c t u a l  choice between t h e  t h r e e  poss ib l e  mechanisms which can 
be approximated by t h i s  equation is academic s ince  the a p p l i c a t i o n  w i l l  depend 
on empir ical ly  determining the constants  CU and Likewise when only one 
product r e s u l t s  from t h e  r eac t ion  t h e  el iminat ion of  t h e  product desorp t ion  con- 
t r o l l i n g  mechanism a l s o  becomes academic. Under these  circumstances t h a t  rate 
expression becomes 

c 1 

which can be rearranged t o  

o r  

and 

L R T , l  
K e  '15 e r =  (B-54)  

This i s  t h e  same form as tha t  obtained f o r  r e a c t a n t  absorpt ion o r  surface reac- 
t i o n  con t ro l l i ng  where only one product r e s u l t s  from t h e  r eac t ion .  
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It must be acknowledged a t  t h i s  time tha t  o ther  va r i a t ions  of t h e  
mechanisms discussed s o  far  are possible.  We have only considered t h e  two cases  
of one r eac t an t  molecule reac t ing  with one sur face  molecule and y ie ld ing  either 
one or two product molecules. Other d i s t i n c t  p o s s i b i l i t i e s  include reac t ions  of 
one r eac t an t  molecule with two sur face  molecules t o  give e i ther  one o r  two reac- 
t a n t  molecules. However, similar analyses can be done f o r  these  models j u s t  as 
have been done f o r  those considered. 
these y i e l d  very similar rate equations.  
cedure, a general  rate equation form can be w r i t t e n  as 

Under condi t ions of unfavorable adsorption, 
Thus f o r  e s t ab l i sh ing  ca l cu la t ion  pro- 

r c16 e 

where i represents  each of t h e  n species  involved i n  t h e  react ion.  The values  of 
c16, &Itpp, u( i ) ,  and v( i) m u s t  be determined empir ical ly .  

The r eac t ion  of water with carbon 

has been s tudied  by a number of inves t iga tors  (References 10, 11, 12, 13, and 14) .  
Nearly a l l  have reported t h a t  t h e  forward r eac t ion  i s  first order with respec t  
t o  t h e  water partial pressure except a t  pressures  near complete vacuum. 
reason, a first order  r eac t ion  model is chosen f o r  the b a s i s  of t h e  empir ical  
equation. 

For t h i s  

Lacking enough d a t a  t o  evaluate AH' f o r  t h e  H20-C reac t ion ,  it is 
necessary t o  r e l y  on values  reported by o thers .  v a r i e t y  of values  have been 
reported ranging from 35 Kcal/mole t o  90 Kcal/mole. O f  these,  t h e  value of 60.3 
Kcal/mole r ecen t ly  reported by Eyring and Blyholder (Reference 11) appeared most 
appropr ia te  f o r  the present  purposes as w e l l  as represent ing an average value.  
The value of C16 is  d i r e c t l y  related t o  t h e  type of graphi te ,  the condi t ion of the  
surface,  and t h e  s t r u c t u r a l  o r ien ta t ion  (as with pyro ly t ic  graphi te ) .  This va lue  
is b e s t  determined experimentally if poss ib le  f o r  t h e  p a r t i c u l a r  graphi te  i n  use. 
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F o r  t h i s  reason, t h e  value of c16 f o r  Reaction 1 was based on re- 
s u l t s  from a Marquardt t es tofaf ree  s tanding pyro ly t ic  graphi te  motor. 
t e s t  was described as Run No. 1 (Boron-pyrolloy chamber No. 1, Table VII, 
Marquardt Report 5907, 31 J u l y  1962). 
f o r  c16 was used in  the program based on the d a t a  of Eyring and Blyholder ( R e f -  
erence 11). This  value f o r  c16 a c t u a l l y  gave an erosion rate one o r  two orders 
of magnitude g rea t e r  than tha t  observed i n  t he  motor tes t ,  which involved ero- 
s i o n  of the a-b plane of  pyro ly t ic  graphi te  f o r  the  free standing chamber. This  
w a s  not t o o  surpr i s ing  s ince  Eyring and Blyholder used a commercial g raphi te  and 
there  have been some indica t ions  t h a t  t h e  a-b plane of pyr loyt ic  graphi te  may b e  
f a r  less r eac t ive  than commercial g raphi tes .  The value of c16 was then reduced 
u n t i l  t h e  computer program predicted an erosion rate a t  t h e  t h r o a t  of 0.2 m i l s /  
second, as w a s  observed during t h e  motor tes ts .  

This 

For a f i rs t  guess, a value of 2.99 x 10-3 

Reactions 2 and 3, between hydrogen and the  pyro ly t ic  graphi te  w a l l ,  
were a l s o  taken t o  be f irst  order i n  t h e  forward d i r e c t i o n .  The respec t ive  V a l -  

ues of cl6 f o r  both reac t ions  were then determined from t h e  reported r e s u l t s  of 
Rogers and Sesonske (Reference 16) who s tudied  t h e  k i n e t i c s  of graphite-hydrogen- 
methane react ions above 1 6 0 0 ' ~ .  The r e s u l t s  by Rogers and Sesonske were not ap- 
p l i ed  d i r e c t l y  because they considered only t h e  reac t ion  y ie ld ing  methane even 
though a t  the higher temperatures used by them thermodynamic considerat ions fav-  
ored the formation of acetylene rather than methane. For t h i s  program, a value 
of 5.12 x 10-5 f o r  c16 was used i n i t i a l l y  f o r  both r eac t ion  rate equations.  The 
values of C 1 6  f o r  the two equations were then ad jus ted  individual ly ,  by t r i a l  
and e r ro r ,  t o  give combined ca lcu la ted  erosion rates from the  two equations cor-  
responding t o  rates reported by Rogers and Sesonske over the e n t i r e  temperature 
range s tudied .  F i r s t  order react ions were used i n  both cases s ince  others  have 
reported some success with t h i s  approach even though Rogers and Sesonske did not 
concur. The value of AH+app was taken as 39000 Kcal/q mole f o r  both reac t ions .  
The r e s u l t s  of Rogers and Sesonske d id  not i nd ica t e  any change i n  t h i s  value over 
the  temperature range from 1600' t o  3OOO'K so t he re  was no b a s i s  f o r  considering 
d i f f e r e n t  values f o r  t h e  two equations.  

The values of a l l  empir ical ly  determined constants  are included 
below. 
Equations ( B - S ) ,  (B-57), and (B-58) .  

The t a b l e  shows necessary subs t i t u t ions  i n t o  Equation (B-55) t o  obtain 
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Values f o r  Using Equation B-55 

Constant 

a16 ( I n i t i a l  assumption) 

cl6 ( F i n a l  value)  

AH+ (Btu/lb mole) 
aPP 

4 i) 
l? P W  
i=l 

i=1 

(Ke ) t*** 

Reaction 1 

2.99 x Id" 

3.2 x 

108400 

'H2 0 

'COPH2 

Kel  

Reaction 2 

5.12 10-5* 

3.7 10-5 

70000 

Reaction 3 

5.12 10-5** 

7.4 10-5 

70000 

'H2 

* From work of Eyring and Blyholder (Reference 11) with graphi te  a t  
very  low pressures .  

** From work of Rogers and Sesonske (Reference 16) with graphi te  ai; 
1600' t o  3000%. 

t h e  t e x t .  

FINAL EQUATIONS USED I N  THE COMPUTER PROGRAM 

Reaction 1 

r = 0.032 e 
1 
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Reaction 2 

[ - 7 4  
r2 = 0.000037 e 

Reaction 3 

= 0.000074 e E7'i EH2 - pC2H22 ] 
r3 

( ~ e 3  

The values of t h e  constants  i n  these  equation should not b 
garded as f ixed.  A s  more experimental d a t a  becomes ava i lab le ,  adjustments can 
be made t o  improve t h e i r  accuracy. However, f o r  i n i t i a l  ca l cu la t ions  of t h e  
e f f ec t  of a t r ansp i r ing  coolant on the  chemical erosion,  they should be satis- 
f ac to ry ,  s ince  t h e  order  of magnitude of t h e  e f f e c t s  w i l l  be of primary i n t e r e s t .  
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